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Abstract

This thesis documents the design o f low noise amplifiers (LNAs) with coaxial 

connectors and probe LNAs for the Dominion Radio Astrophysical Observatory 

(DRAO) Synthesis radio telescope. Both designs use Agilent ATF-34143 

pseudomorphic high electron mobility transistors (pHEMTs). The design process 

included measurement o f the ATF-34143's scattering parameters (S-parameters) 

for circuit and noise modelling. ATF-34143 S-parameters were obtained from 0.5 

- 10 GHz and a LNA with coaxial connectors and 30 K noise temperature was 

designed and constructed. The LNA has a noise performance 5 K better than the 

noise performance o f the LNAs currently operating on the Synthesis Telescope. 

The probe LNA design is a fairly new and promising concept, integrating the 

waveguide probe directly into the circuit board and eliminating coaxial 

connection losses. Currently, the probe LNA has the same noise performance as 

the LNA with coaxial connectors when placed in a waveguide.
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Chapter 1 

The Synthesis Telescope and 

the Signals it Receives

This chapter oilers some background on tin* Synthesis radio telescope and noise 

concepts siirh as the use of noise temperatures and the importance of first stage1 

receiver noise. The main goals of this project and the degree to which they 

were ai couiplished are stated at the etui of this chapter.

1.1 The Synthesis Telescope

The Synthesis Telescope is a radio telescope that operates simultaneously at 

108 and 1 120 MHz. It is located at the Dominion Radio Astrophysica! Ob

servatory (DRAO) near Penticton. British Columbia. DRAG operates under 

the National Research Council of Canada's llerzberg Institute of Astrophysics 

(N R C -lllA ). Composed of an array of sewn !)-m parabolic antennas, the Syn

thesis Telescope runs in a liOU m straight line from cast to west as shown in 

Figure I.d. The array of parabolic antennas collects radio signals at 108 and 

1120 MHz ami uses the method of aperture synthesis to create radio images 

of the sky. Aperture Synthesis is described in Section 1.2.

1
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Parabolic Reflector

Figure 1.1: A parabolic reflector.

H'. Coaxial 
^connection
m b s * r M

Waveguide probe;

Figure 1.2: Waveguide-to-coaxial transition.

Each parabolic antenna lias a parabolic reflector (refer to Figure 1.1) and 

a focus box, located at the prime focus of the reflector. Signals bounce 

reflector and into the focus box, which contains a dual frequency waveguide 

feed connected to receivers. Each antenna of the Synthesis Telescope collects 

circular polarization at the two operating frequencies. Both left and right-hand 

circular polarizations are collected at 1420 MHz, and right-hand circular po

larization at 408 MHz. At 1420 MHz, left and right-hand circular polarizations 

(LHCP and RHCP) are collected by means of two waveguide probes (refer to 

Figure 1.2) oriented perpendicular to each other in each waveguide feed. Each 

of the waveguide probes is connected to a low noise amplifier, which is fol

lowed by further amplification and frequency conversion components that are

2
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all located in the focus box. The outputs from the focus box, at the interme

diate frequency (IF ) of 30 MHz, travel by coaxial cable to the central receiver 

building where further amplification and frequency conversion occur. Cross 

correlators form products from all antenna pairs. The correlator outputs are 

the basic data, which flow to image formation routines. For further discussion 

of the Synthesis Telescope components at 1-120 MHz, refer to Section 1.4.

Focus
box-

P arabolic
reflector

(a)

(1>)

Figure 1.3: a)A Synthesis Telescope para1 antenna [2]. b) The Synthesis 
Telescope at DRAO. It  is the array of 7 smaller parabolic antennas from the 
top left to the bottom right [3].

3
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A m a jo r, ‘ ' Synthesis Telescope’s observing time is sot. aside for

the Canadian Galactic Plane Survey (CGPS). The CGPS is an international 

collaboration devoted to surveying the interstellar medium (ISM) in the M ilky 

Way with unsurpassed spatial resolution - better than the resolution of previ

ous studies by more than a factor of 10 [ 18]. Table l . l  lists the institutions 

that make CGPS observations and the different types of data collected. A ll t he 

408 and 1120 MHz CGPS data is collected at DRAG, which permits mapping 

o f gases, magnetic fields and relativistic plasma. The 1 120 MHz DRAO obser

vations of continuum radiation (including polarization) and I I I  spectroscopic 

images are the primary data produced by the CGPS. Continuum and spectral 

observations are further described in Section 1.3.

Frequency W avelength O bservation ISM
Com ponent Source

151 MHz 199 cm Continuum
Ionized Gas 

and 
Relativistic 

Plasma

MRAO (UK)

408 MHz 74 cm Continuum
(Polarization)

DRAO
(Canada)1420 MHz 21 cm Magnetic Fields

HI Spectral Line Atomic Gas

115 GHz 2.6 mm CO Spectral Line Molecular Gas FCRAO (US)
3 THz 100pm

Continuum
Dust Grains Caltech (US)

5 THz 60gm

12 THz 25gm Very Small 
Dust Grains 

& PAHs ’
CITA

(Canada)25 THz 12gm
*PAHs=polycyc!ic aromatic hydrocarbons

Table 1.1: The types of CGPS data being collected and data sources [ lj.  The 
Mallard Radio Astronomy Observatory (MRAO) is located in Cambridge. IJK. 
Two of the data sources are American: the Five College Radio Astronomy Ob
servatory (FCRAO) in Massachusetts and the California Institute of Technol
ogy (Caltech). The Canadian Institute for Theoretical Astrophysics (CITA) is 
a research centre hosted by the University of Toronto. Data at 12, 25, <10 and 
100 /tm were collected from Earth orb it by the Infrared Astronomical Satellite 
(IRAS).

1
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The CG'PS began almost a decade ago and upon couiplel ion of its first, 

jilmse inspired tin1 creation of the International Galactic Plane Survey (IGPS), 

which will combine other surveys with CGI’ S data to map more than 90'X of 

the galactic stellar disk at the frequency of 1-120 MHz and at resolution similar 

that of the CGPS - the first ever high resolution map of neutral hydrogen 

throughout the whole Galactic plane [ID].

1.2 Aperture Synthesis

The Synthesis Telescope collects data using aperture synthesis - an interfcrom- 

etrv method that uses several smaller antennas to obtain an angular resolution 

equivalent to that of one large antenna. This is why the Synthesis Telescope 

is composed of seven dishes instead of just one. The beamwidth of a parabolic 

antenna is inversely proportional to its collecting diameter, meaning that an

gular resolution gets better w ith an increase in collecting diameter [2(fJ. The 

diffraction lim it for the angular resolution of a telescope is equivalent to ap

proximately — in radians, where A is the observing wavelength and D  is the 

collecting diameter |2 l|. fo r  a one-antenna radio telescope to obtain the same 

angular resolution as the Synthesis array, ideally it would require an aperture 

equivalent to the length between the dishes furthest apart from each other, 

which is fiOO m. Such a large single collecting area would be extremely diffi

cult to physically realize. Hven the largest single telescope in the world, the 

Arecibo Radio Telescope in Puerto Rico, has a diameter of roughly only half 

the size at .'{05 m [22).
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d ire c t io n
of

delay T - Si cos O f / j
c

Antenna 1 B Antenna 2

baseline B CO = 2 n f

VjO. E  cos(co t) V2 a E  cos[w (t -  x ) ]

Vj V2 a S  cos(o) t ) cosfo) (t - 1  )]

in te rfe ro m eter
output

R(t) a S  cos[ ^ - ^ cos 0 (t )] = s  cosl2 n B * s(t} 1A,

Figure 1.4: A  simple two-element multiplying interferometer.

1.2.1 The Two-Element Interferometer

In order to understand how aperture synthesis works, one must take into ac

count its basic building block - the two-element interferometer. Consider an 

interferometer which consists of two antennas separated by distance B  and a 

point source in space, as depicted in Figure 1.4. The length B  is oriented in the 

east-west, direction and is referred to as the baseline. The voltage generated 

at each antenna is proportional to the electric field generated by the source. 

Antenna #1 can be considered as the reference antenna. The point source is 

located at angle /?(/) w ith respect to the baseline. Because of the baseline B, 

signals from the source arrive at antenna # 2  w ith delay r  =  relative

to antenna #1. The voltage outputs of antennas #1 and # 2  are multiplied 

together and higher frequencies are filtered out to produce the output B(t.)

[21]:

6
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where S is the flux density (W  m'2 H z'1) of the source. As the Earth rotates, 

0(t) varies w ith time and signals from the point source arrive at antennas #1 

and #2  in and out of phase alternately, producing interference fringes in t he

•d- where D \ is the baseline in wavelengths) apart. The interferometer output 

can also be thought of as

Now consider a source tha t has a fin ite angular width, w ith s pointing in 

the direction of its phase center. This extended source can be considered ;is 

a collection of point sources where any point can be denoted by s + a w ith 

brightness distribution /(a ), a can be considered ;rs a vector that has two 

components in a plane which is perpendicular to s (“ the plane of the sky” ). The 

response of the interferometer is then the sum of its own individual responses 

to each point, source [21]:

interferometer output R (t). Fringes are spaced approximately ~  radians (or

( 1.2)

where B  is a vector parallel to the baseline and s is a vector in the direction 

of the source [21].

1.2.2 The Visibility Function

(1.3)

Because a is perpendicular to s (t)

B  •  (s +  a) =  B  •  s +  b * a (1,1)

7
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where b is the projected baseline (i.e. the component of B) in the direction 

perpendicular to s:

b =  B  -  (B  •  s)s. (1.5)

The interferometer output can then be expressed in the complex form

The amplitude of V  is proportional to the amplitude of the output fringe 

pattern while the argument of I '  gives the phase shift in the fringe pattern 

with respect to the phase of the interferometer response to a point source 

at the phase center (see Equation 1.2). The visib ility function V’ is the two- 

dimensional Fourier transform of the source brightness distribution. To recover 

the source brightness distribution, the inverse two-dimensional Fourier trans

form is performed [21]:

The cent ral point here is that an interferometer pair of antennas whose efFective 

detection beam is pointing at a source can measure a Fourier component in 

the brightness distribution of the source, which means an image of the source 

can be generated by performing inverse Fourier transforms.

Recall that the projected baseline b is in the direction perpendicular to s. 

The projected baseline b is generally resolved into u, an East component, and

R(t) oc V exp{j27r£  • * ( ”/,)} ( l.ti)

where V  is the complex v is ib ility  function and is expressed as

/»oo
/ 1(5) (ixp{j2nb •  o}do.

J CO

(1.8)

8
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r. a North component. In aperture synthesis, pairs of antennas form inter

ferometer pairs ca||e<| baselines, w ith each instantaneous baseline sampling a 

point ill the (*/,/') plane. As the Malth rotates, s; , 1 s ale taken along all 

elliptical loeiis in the (a ./1) plain1 for each pair of antennas. Movable pairs 

of antennas jo in i even m o i e  possible baseline lengths, allowing sampling ol 

more points in the (u. r )  plane Coupled wit It t lie Kartli s rotation, t liese base- 

lines effectively s, ;; ;  'e the radio sky in the Fourier transform domain with 

the same resolution as an antenna w ith an aperture diameter as large as the 

longest baseline lleiatlse each antenna pair is interchangeable, lu ll sampling 

of all elliptical lot Us ill the (n. e) plane can be achieved ill 12 limits instead of 

2 1 .  Powerful computers ate u set I to calculate Fourier transforms of the Fourier 

components piodtlied by the baselines and generate radio images of the skv.

1.2.3 The Fringe Washing Function and Delay Compen

sation

For continuum oltsi i vat ions, wide fioi|ueiioy bandwidth is deniable m oidei to 

increase sensitivity {see Section l.(i). For an observing bandwidth A f .  a two- 

element interferometer with freiiueiicy response a ( / )  w ill have the following 

response;
f  / l u l l  \

\\.\Wl i { t )  x j o f / )  cos <(,sd (0 ^  »//.

and since delay r - - - - - - -  (refer to Section 1.2.1). tlie interferometer response

can be written as

//( /)  x f  n (/)cos(27 r/r)r//. (1 .10)

If  the observing bandwidth A J  is greater than 1, the correlation betwi'eii 

signals is lost, 'lb  compensate, additional time delay Tp that is appioxb
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mutely equal to r  can be inserted in one of the interferometer arms so that 

the equalized phase delay between the signals allows for a greater observing 

bandwidth. I f  additional time delay To is added, the tota l time delay becomes 

A r  =  t ( I )  — T p .  Now correlation between signals w ill be lost if observing 

bandwidth A /  is greater than To illustrate the A /  >  ^  rule, consider 

the complex Fourier transform of « ( / ) ,  which is called the fringe washing 

function / i(A r ) .  The interferometer response involves integration over the fi

nite bandwidth, which corresponds to multiplication of the v is ib ility  function 

amplitude by the fringe washing function in the A t  domain. It is therefore 

important that the fringe washing function be as close to unity as possible. If 

<\ ( / )  is a rectangular passband, the fringe washing function is the sine function 

Mn^a/Ar). which falls to zero at A r  =  To keep the fringe washing function( r tA /A r )  A /  1 0 °

close to unitv,

as is shown in Figure 1.5.

a ( f )

Fourier
transform

f
fc e n tra l

At = 1

A f A f

Figure 1.5: The fringe washing function when the interferometer frequency 
response is a rectangular passband.

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.3 Synthesis Telescope Observations at 1420 

MHz

At 1420 MHz, continuum maps are generated in four sub-bands of 7.5 MHz 

each, adding up to a tota l bandwidth of 30 MHz. The four continuum sub

bands exist in order to keep the fringe-washing function close to 1 in value 

(refer to Section 1.2.3) in order to prevent bandwidth smearing in images. 

This continuum band, along w ith  another continuum band at 408 MHz, al

lows detection of synchrotron radiation as well thermal emission such as that 

of ionized hydrogen (H ii). Synchrotron radiation is emitted bv electrons spi- 

raling in magnetic fields at relat.ivist.ic velocities. Sources such as pulsars and 

supernova remnants emit synchrotron radiation.

The narrower bandwidth of spectral line observations is centered on the fre

quency at which neutral hydrogen (H i) atoms radiate electromagnetic energy. 

Spectral line emissions are caused by electron transitions from one energy level 

to another and the frequency of radiation is unique to every element. Hydro

gen emission occurs near 1420.406 MHz [18]. Spectral line observations are 

made using a central band of 5 MHz at 1420 MHz. Located at each side of the 

central band are two continuum sub-bands, making up five observation bands 

that total 35 MHz, as shown in Figure 1.6.

11
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Allocated Radio Astronomy Band

Frequency, MHz 1427.0

1420.4

1406.65  1414.15 ' 1426.65 1434.15

I

1

12.5 20.0  27.5  32.5  40.0  47.5
30 .0

In term ediate  Frequency, MHz 

Figure 1.6: Allocation of frequency bands for 1420 MHz observations [4],

1.4 Basic Components of the Synthesis Tele

scope at 1420 MHz

The simplest radio telescope can be broken down into an antenna and a re

ceiver followed by some sort, of data-recording system. The Synthesis Tele

scope, however, is composed of an array of parabolic antennas. Signals are 

collected by the antennas, amplified, undergo frequency conversion and more 

amplification, and then end up being multiplied together in a correlator. The 

following describes the path of a 1420 MHz signal after it. is collected by a 

Synthesis Telescope antenna.

•  Radio Frequency (RF) low noise amplifier (LNA): Amplifies the weak 

1420 MHz signal from the antenna w ith gain on the order of 40 dB.

•  Band Pass F ilter (BPF): Filters out parts of the signal at unwanted 

frequencies.

12
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•  Intermediate Frequency (IK) Signal Path: The band-pass-iiltered signal 

is mixed with a local-oscillator (1,0) signal. This results in an interme

diate frequency (IF) signal whose power is proportional to the HF signal 

power. Here, tlit' BPF signal is converted to an IF hand of 12.f> - 17.5 

M il/, (refer to Figure l.(i). The four continuum sidebands are defined 

by IF bandpass filters and are converted to baseband using fixed sec

ond LOs, where a quadrature replica of each band is created using a 

phase-shifted second LO. The spectral (H t) band is converted to a lower 

frequency in a single-sideband mixer. The IF signals are conveyed by 

coaxial transmission line to the control room and then digitized before 

being correlated. Delay compensation is inserted in the IF signal path 

to equalize signal path lengths (refer to Section 1.2.3). Before d ig itiz

ing, the spectra! band is sharply defined by a bandpass filter (the overall 

spectrometer band can be varied from 0.125 MHz to 1 MHz) [•!].

•  D igital Correlator System: Takes the digitized IF signals from all tin* an

tennas and multiplies them together in pairs. The continuum sulebands 

are processed by the C21 correlator and the spectral band is processed bv 

the S21 correlator spectrometer, which has 250 channels. Hach contin

uum sult-band is digitized to M levels and products are formed in one of 

four identical correlators. The* C21 correlator forms all four polarization 

products from the LIICP and UUCP inputs of each antenna pair (see 

Figure 1.8). The spectra! band is digitized to 3 levels by the S21 system 

and two identical correlators form products from LIICP and RHCP sig

nals. Unlike the C21 system, however, cross-correlation between the two 

hands of polarization is not. currently available in the S21 [•!].

Figure 1.7 is a basic block diagram of how the Synthesis Telescope collects, 

filters and processes M20 MHz signals.

13
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Antenna IstLO
signal

LNA BPF — 0 —  
Mixer

IF
amplifier

FOCUS BOX

Signal entered in to  here 
along w ith input signals 
from the 6 o th e r\
antennas.

CONTROL
ROOM

Transmission 
line running 
to control room, 
where more gain 
and frequency 
conversion 
takes place.
Delay compensation 
lines are also 

inserted here.

Digital
Correlator

T
_  Output for imaging

Figure 1.7: Basil- block diagram of the 1-120 MHz signal path from antenna to 
correlator in the Synthesis Telescope.

Antenna #1

LHCP RHCP| 
input input i

Antenna <12
LHCP RHCP  
input input

1

X
LO — MX)

IF  Mixers

C21 Correlator

LjLg RjL j L jRj RiRj

Figure 1.8: How polarization products arc formed in the C21 correlator [5j.

This project deals with designing the RF LNA, which is commonly known 

as the receiver front-end. The input of the RF amplifier is where extremely 

weak signals from thousands of light years away fire encountered. The design 

of the RF amplifier must prioritize noise first and gain second. Noise should 

be reduced sufficiently to avoid drowning out the weak signals, while gain

14
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should be high enough so that the noise from subsequent components becomes 

insignificant (further explanation in Section 1.7).

1.5 Noise and Temperature

In general, noise is something indistinct, undesirable or even loud. In the 

world of electronics however, it is something that w ill always exist and must 

be dealt with. Even when an amplifier has no input signal, a small randomly 

fluctuating output signal can still be detected and is referred to as noise. Noise 

in electronic components is caused by random thermal fluctuations of electrons. 

Therefore any device operating above absolute zero will generate noise.

As commonly practised in radio astronomy, noise is expressed in terms of 

noise temperature. The noise temperature of an antenna is defined as the 

thermal temperature of a resistor whose terminals, over a specified frequency 

bandwidth, have a mean available noise power due to thermal agitation equal 

to the available power at the antenna’s terminals [23]. Using temperature units 

allows direct comparison w ith celestial “source temperatures."’ Any object will 

emit electromagnetic waves if  its temperature is above absolute zero. Ideally, 

the noise temperature of an antenna’s radiation resistance w ill be equal to the 

temperature of the particular source the antenna is "looking at" if  the angular 

extent of the source “ fills” the antenna beam. This statement excludes noil- 

thermal mechanisms tha t generate electromagnetic waves such as synchrotron 

radiation. In such cases, the noise temperature of the antenna’s radiation 

resistance w ill not equal the thermal temperature of the source but instead 

would be equivalent to the thermal temperature of an ideal blackbody em itting 

the same radiation at the observing frequency.

An ideal blackbody is defined as a perfect absorber and radiator: it  ab-

15
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sorbs radiation at all frequencies and its own radiation is a function of only 

temperature and frequency. The brightness of radiation from a blackbody at 

temperature T  and frequency v can be expressed with Planck’s Law [20]:

B  =
2 / r / 3 1

■ M - i

where c is the velocity of light and h and k are respectively Planck's constant 

and Boltzmann's constant. Figure 1.9 illustrates the dependence of blackbody 

radiation on temperature and wavelength.

r io

100 K

10 K

1 K

/ / / 0.1 K

10< 10« 10*  1010 1011 10“

Frequency (Hz)

Figure 1.9: Blackbody radiation curves as a function of temperature and fre
quency.
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Main lobe axis /  /
ii -  o • >

N
\

Power pattern

Pn( 0 )

Side lobes

Main lobe

o =0

Figure 1.10: The power pattern of an antenna, t l i l  is an element of solid angle 
equivalent to s illOdfhlO-

The pattern of an antenna repn-sents the antenna’s response as a filia tion 

of direction, and can he expressed in terms of field intensity (lield pattern) or 

radiation intensity (power pattern). An example of an antenna power pattern 

is shown in Figure 1.10. The antenna is a channel for the flow of energy from 

sources seen in the main beam and sidclobes. When observing a source with 

temperature Ts{0, o), the antenna temperature T.\ will be a function composed 

of the source temperature distribution and the antenna power pattern I  *,{0.0)

where is the antenna beam area (in rad"2 or steradians) and is defined as

17
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and

(1.14)

Nclist* and temperature are related in the following manner. For a resistor 

I t  at temperature T. the' relation between noise power IF  and temperature T  

is expressed as follows [20):

IF  — noise power available from resistor (watts) 

k ~ Dolt/matin's eonstant (.1 /K )

/ ’ teni|>erat me of resistor in Kelvin 

A /  — operating bandwidth (Hz)

Ideally. Fquation 1.15 also applies to an antenna with radiation resistance 

l i  which is receiving signal from a blackbody at temperature T  whose angular 

extent tills the antenna beam. Realistically, however, the noise temperature 

referred to the antenna's terminals w ill consist not only of the source tem

perature but the noise temperature of the receiver it is connected to, not to 

mention additional noise from the thermal radiation of the ground (which gets 

"picked up" by antenna sidelobes) and the sky (at M20 MHz there w ill always 

be cosmic background radiation of approximately 3 K left over from the Big 

Bang). The total sum of noise temperatures can then be grouped into a single 

term: “system noise temperature." When observing at the Hi line, system 

temperature is higher due to signals from additional H i clouds, especially at 

low galactic latitude.

Radio telescope system noise temperatures can vary from tens of degrees 

Kelvin to tens of thousands of degrees Kelvin depending on the frequency

IF = A7’A / (1.15)
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of operation. The radio frequency window itself extends from a few MHz to 

hundreds of GHz. The lower system temperatures apply to microwave (cen

timetre wavelength) frequencies while the higher system temperatures apply 

to receivers in the millimetre, sub-millimetre wavelength bands and also deea- 

metric wavelengths (due to the brightness of the Galaxy at a lew MHz).

1.6 Doubling Sensitivity

Signals from distant, celestial sources are weak to put things in perspective, 

the basic unit of power flux in radio astronomy is the Jansky. The Jansky is 

equivalent to only 10"26 W  m'2 Hz'1. It  has been estimated that the energy 

from all the radio signals ever collected by all the radio telescopes on Earth 

amounts to no more than the kinetic energy of a falling snowflake. Receiver 

and antenna noise is an obstacle to detecting such small signals and must be 

minimized to maximize the sensitivity of a radio telescope. For the Synt hesis 

Telescope, sensitivity in imaging can be thought of as the minimum detectable 

r.m.s. fluctuation A S  whose units are W m"2 Hz' 1 [4j:

A S  — IT  , . (1.16)
7]cj)AAs/NbN,r AfT

U ’ = factor depending on weighting scheme used in imaging

k =  Boltzmann’s constant

Tsy!i =  system temperature

i)c =  correlator efficiency

i),\ =  aperture efficiency of the antennas

A -  area of each antenna aperture in u r

Nb =  number o f baselines

iV//.- =  number of IF  channels

19
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A /  =  bandwidth of each IF  channel 

r  =  integration time constant

Relation 1.16 demonstrates the dependence of sensitivity on T,,,., and oper

ating bandwidth. Currently at 1420 MHz, continuum observations are made 

over a bandwidth of 30 MHz. Spectral observations use a bandwidth of ^ |j, 

where B  is the overall spectrometer band in MHz (variable from 0.125 to 4 

MHz). Inevitably, continuum observations have higher sensitivity than spec

tra l line observations due to wider bandwidth. Sensitivity could be further 

improved by increasing observing bandwidth, hut to do so would require a 

huge effort: there would be a required increase in not only receiver electronics, 

but computing, data processing and data storage as well. The only other op

tions for improving sensitivity are increasing observation time and decreasing 

r , tfs. Increasing observation time is not a viable option, which leaves the op

tion of decreasing 7),ys. As well, sensitivity AS  is proportional to the square 

root of both bandwidth and observing time. Sensitivity A S and TSIJS are d i

rectly proportional, which means decreasing would have a greater impact 

on sensitivity.

The present noise performances along w ith target noise performances of 

the Synthesis telescope at 1420 MHz are listed in Table 1.2 [24]:

N oise T e m p e ra tu re  Source Present (K ) T a rge t (K )

Receivers 35 (mean) 20
Losses (due to Antcnna-Receiver 
connection)

5 0

Ground Noise 15 5
Sky (zenith) 5 5

T O T A L 60 30

Table 1.2: Present and targeted system temperatures of the Synthesis Tele
scope.
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Mooting tho (argot, porfonnanco wonkl roughly out noiso in half, doubling 

sensitivity of tho telescope for 1420 MHz continuum observations. 30 K is a 

very ambitious target - currently the lowest achievable system temperature is 

around 15 K. which is what the American National Aeronautics and Space Ad

ministration’s (NASA) Deep Space Network (DSN) 2.3 CHIz receivers operate 

at [25],[20]. This accomplishment by NASA required the use of cryogonieally 

cooled maser LNAs, which are extremely expensive. At 1420 MHz. the Wost- 

erbork Synthesis Radio Telescope (YVSRT) in the Netherlands has a system 

temperature of approximately 30 K, which is accomplished with cryogonieally 

cooled receivers [27j. At 1100 MHz, the Arecibo Radio Telescope in Puerto 

Rico has a system temperature of approximately 27 K and also uses cryogenic 

cooling [22]. The goal of this project, however, is to meet the target system 

temperature of 30 K using uncooled receiver front-ends by taking advantage 

of recent advances in low noise transistor technology. As shown in Table 1.2. 

receiver noise is a major factor - it is accountable for more than half of the 

system noise temperature.

The ground noise component of antenna noise is also a large contributor 

to system noise temperature and can be reduced by improving antenna de

sign (e.g. reducing spillover and mesh leakage). An MSc thesis project that 

ran parallel w ith this one was finished bv Teresia Xg, who managed to show 

that the current system noise temperature may be reduced by 6 K through 

improvement in antenna design [5],

1.7 Reducing Receiver Front-End Noise

By the time radio signals reach Kart.li from thousands of light years away, 

they are greatly attenuated and very weak. To detect these signals, receiver
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frontm'ik Is are required to have high gain iind most importantly, very low noise. 

Noise and gain are important due to a particular property of amplifiers: first 

stage amplifier noise typically dominates the noise of the stages after it.. For a 

chain of u amplifiers, the total noise temperature can be generalized [7]:

V ■ l \  F ~ ~  + r — 7-— -7 .— F ... (1.17)

I ' total noise temperature

/'„ noise temperature of nth amplifier

( !  i„ available power gain of nth amplifier

Therefore the noise performance of the first stage of the receiving system 

is the primarv determining factor in the total noise* performance of the system 

h«*eause it is oniv 7'] that does not get reduced by power gain o f other stages. 

A stage that contributes loss to the system and has physical temperature 

w ill introduce a gain e of less than unity as we'll as the following 

noise temperature T  [21)]:

7  ( — 1) f  tUtrniititiir ■f

The key to obtaining low noise in an amplifier is the type of transistor that 

is used in the design. The most common types of transistors used in L.NAs 

at microwave frequencies are gallium arsenide field-elfeet transistors (GaAs 

FKTs) and high electron mobility transistors (HKMTs). Gallium arsenide is 

preferred over silicon due to its superior performance at microwave frequen

cies. GaAs FKTs and HKMTs are further discussed in Chapter 2. Such new 

technology has made it possible for a 1120 MHz amplifier to have excellent 

noise performance without the need for cryogenic cooling. Cryogenic cooling 

of receivers is commonly used to achieve low system noise temperatures in
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radio astronomy. However, the aim of this project is to meet target perfor

mance of the Synthesis telescope w ithout cooling. Although highly effective, 

cryogenic cooling is an expensive ancl high-maintenance method of reducing 

receiver noise.

1.8 Previous Work

Each of the Synthesis Telescope’s seven parabolic antennas has a dual-frequency 

feed at its prime focus to collect, signals. To collect signals at. 1420 MHz, m ulti- 

mode waveguide feeds are used. These feeds are connected by coaxial cables to 

the existing front-end LNAs. Before this project began, a matched waveguide 

probe was designed by Bruce Veidt using software simulating the waveguidc- 

to-eoaxial transition. Using a matched probe reduces connection loss because 

the waveguide probe is directly integrated w ith the amplifier, eliminating the 

need for a coaxial cable connection and accompanying losses. As shown in 

Table 1.2, the coaxial antenna-rccciver connection is also a significant factor 

in system temperature. The term "matched” refers to the impedance of the 

probe, which was designed to be closer to the value required for lowest noise 

temperature performance of the transistor in the amplifier. Transistor noise 

temperature and dependence on impedance w ill be further discussed in Chap

ter 4.

Using Agilent. ATE-34143 transistors, a single-stage low noise amplilier 

w itli matched probe was designed and bu ilt by Bruce Veidt and Annie-Claude 

Lachappclle - the Mark 1, as shown in Figure 1.11 [28]. Unfortunately, it  was 

shown by Brtice Veidt tha t the Agilent transistor data-sheet scattering pa

rameters (S-parameters) arc not correct, (refer to Section 3.1). Also, the Mark 

l ’s bias lines did not work as well as expected — there was a need for better
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decoupling between the bias lines and the amplifier circuit [29]. Despite these 

obstacles, the work that has been done on Mark 1 is encouraging. The Mark 1 

can be thought, of as an active integrated antenna (AIA) since it  consists of a 

microstrip antenna that is connected to an active device, resulting in the active 

device having an input impedance that is different from conventional 50 Q [30]. 

A IAs are a fairly new concept and offer much opportunity in receiver front- 

end design due to the elimination of losses present in connectors. Since this 

probe lias been designed to match the transistor’s optimum impedance, there 

is elimination of losses due to input matching components such as capacitors 

and resistors as well (see Section 5.2.5).

1.9 Project Goals

In itia lly  there were three main goals for this project.: obtaining the correct 

S-parameters of the Agilent ATF-34143 transistor, obtaining the noise param

eters of the transistor, and improving on the Mark 1 matched probe LNA 

design. Since the Agilent transistor data-sheet S-parameters were not believed 

to be correct, it became necessary that S-parameters be measured for verifica

tion. S-parameters are useful because they directly reveal the impedance and 

gain of the transistor at a particular frequency. Furthermore, when obt ained 

over a wide range of frequencies, S-parameters also provide a means to cal

culate the equivalent circuit model of a ficld-effect transistor (FET). which in 

turn allows calculation of transistor noise parameters. For an accurate circuit 

model, S-parameters needed to be measured over as wide a frequency range as 

possible (refer to Chapter 4). S-paramcter measurement required the design 

and construction of test fixtures so that the transistors could be connected to 

a network analyzer for measurement. Calibration fixtures were also needed
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Figure 1.11: The Mark 1 probe LNA. The wires connect, the pHEMT to a sep
arate FET biasing power sri|>]>ly. This project resulted in the addit ion of a new 
biasing circuit to the Mark 1 (see Chapter 5). The waveguide probe replaces 
the waveguide-coaxial transition needed for an LNA with coaxial connectors 
(see Figure 1.2).

so that the effects of the test fixture could be removed from each transistor 

measurement.

Upon determination of the correct S-parameter values, transistor noise pa-
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rametors can Ik1 calculated. A new single-stage amplifier probe was proposed 

to be designed and built - Mark 2. The purpose of Mark 2 is to resolve is

sues that previously planned Mark 1. such as problems with decoupling the 

biasing circuit from the LNA circuit. Better knowledge of actual transistor 

parameter values could have resulted in the probe design of Mark 2 being an 

altered version of Mark I s probe design. As well, the Mark 1 had a gain of 

only la d ll which is not sufiieient for a Synt hesis Telescope receiver front-mid. 

Beeall that not only is first stage noise the dominating factor in a cascade of 

amplifiers, but that filst stage gain is also what, the noise of the subsequent, 

stages is reduced bv. Approximately 30 dB is sufficient for noise reduction of 

the subsequent stages (about 100 K for the Synthesis Telescope). The single- 

stage Mark 2 would not have been able to produce more than 15 or 20 <113 gain 

(refer to Section 5.1.3). A gain-enhancing option would have been the design 

and construction of a multi-stage LNA - the Mark 3.

After successful measurement of S-parameters, however, the opt ion of build

ing an LNA with coaxial connectors using the ATF-31113 was added as an 

intermediate goal. An LNA with coaxial connectors would not only provide 

a stepping stone towards a probe LNA. but would also allow for easier in

tegration into the Synthesis Telescope as well as straightforward testing and 

measurement. The four main goals of this project can then be summarized as 

follows:

1. S-parameter measurement of the ATK-3IM 3 over as wide a range as 

possible.

(a) Design and construction of test, fixtures for transistor S-parametcr 

measurement.

(b) Accurate S-parametcr measurements using T ltL  calibration.
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2. C ircuit and noise modelling of transistor using successful S-parametcr 

measurements.

3. Design and construction of 1420 MHz coaxial LNA.

(a) Noise lower than 35 K (mean noise temperature of Synthesis LNAs).

(b) Gain of 30 dB or greater, necessitating a 2-st.age design since each 

transistor contributes approximately 15 dB of gain.

4. Improvement of Mark 1 probe LNA design.

(a) Probe impedance sufficiently close to transistor’s optimum impedance 

for lowest noise, so that a noise figure of 20 K  can be achieved.

(b) Improvement, of transistor DC biasing.

(c) Design and construction of 2-stage LNA to meet the 30 dB gain 

requirement.

By the end of this project, S-parameters were successfully measured up to It) 

GHz and an LNA with coaxial connectors was designed and built w ith a noise 

temperature o f approximately 30 K and 30 dB gain at 1420 MHz. The Mark 

l ’s bias lines were improved and its noise performance is now similar to that 

o f the LNA w ith  coaxial connectors. Progress is currently s till at the 1-stage 

version. A 2-stage version of Mark 1 was attempted but there were problems 

encountered w ith  oscillations.
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Chapter 2 

Low Noise Amplifier (LNA) 

Design

This chapter describes derivation of a circuit model for a field effect transis

tor (FET) from S-parameter measurements and one noise measurement. The 

derived model w ill form the basis for amplifier design, described in Chapter

5. Given an equivalent circuit for a FET, simulation software can calculate 

expected S-parameters, and values of circuit dements within the model can 

be adjusted until simulated S-parameters match measured values. For high 

accuracy, this procedure can be repeated for a wide frequency range. Nodal, 

a high frequency circu it simulation package for Mathcmatica (further discus

sion in Section 2.4), was used to simulate the FET equivalent circuit, and 

least-squarcs fitting  over the frequency range 0.5 GHz to 10 GHz successfully 

established values of the circuit elements of the Agilent A TF-31143 pHEMT. 

The method of Pospieszalski [12], together w ith the nodal simulation, was then 

used to determine tin; noise parameters.

The transistor equivalent circuit should be able to reproduce the transistor 

measured S-parameters and predict, the transistor noise parameters. Design-
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mg an LNA for lowest noise temperature requires knowing transistor noise 

parameters. Noise parameters can be obtained through a process that begins 

with measuring the S-Parameters of a FET and ends with using the circuit 

parameters of a FET model to calculate noise parameters. The final stage of 

LNA design involves building matching networks around the transistor which 

optimize the transistor for best noise performance. The main steps arc sum

marized as following:

• S-Parameter Measurement

•  Circuit Modelling

•  Noise Parameter Calculation

•  Noise Analysis and Design of Matching Networks

2.1 How Field Effect Transistors (FETs) Work

The FET is a three-terminal semiconductor device, represented by Figure 2.1. 

The voltage between two terminals of a FET controls the current flow in the 

third terminal, enabling the device to function as an amplifier. These three 

terminals are referred to as source, gate and drain. It is the voltage between 

gate and source that controls the current in the drain.

D

G

S

Figure 2.1: Symbolic representation of a FET.
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T lii’ !.«»!• Hi 70s brought into existence diiltTcut Iy|»<*s of KKTs starting 

with the MOSIT.T (metal-oxide semiconductor I’T T ). Tin* MOSFKT as well 

as iiiiitt<-i«ais other iv|M’s o f FKTs an1 silicon'hascd. O f interest here. how

ever, a|i* lli«- tin it e newly developed gallium atM'hidc ((JaAs) based devices. 

( I a A s  I’ l-Ts a ir  al-o % nmmoiilv I e ld  n d  to as MKSFKTs (metal semiconductor 

FKTs) M KSFITs lieciUlie commercially available ill tin* I'JSIJ s !2<»j. At higher 

Itiaiui ni irs inn i|n« u tili t u f OH/.). Ralliiiin arsenide lias superior performance 

n itap .iiic i w ii ii that «»f silicon, due’ to  tin* high electron d rift m obility o f  (JaAs, 

which is | iw  to tm  I inns higher llian that ofsilicon j.'U|, At tin* tiin i' work 

began mi this tln*sis, tlic’tc* were two mailt types of (laAs devices available: 

MF.SFKT*- ,(||,| HKMTs (high electron m oliility transistors). HKMTs were 

c’Vi i i  t t i u t r  l i t  i-litlv developed tiia ti MKSFKTs and ll aVe come to exceed MKS- 

M *. I s Hi Ho | m ’ perform,cnee |2tij.

FKTs)

A M KSFKT is fahiic.itcd on nndopi>d (laAs sulislrate (mulopcd ClaAs lias 

vit v  low iundue tivity and isolatc’s devices on a chip from each other as well as 

ensuring small capacitances hc'twi’i’ti tin* devices and ground |3 l|). The’ source1 

.cud drain ti-tmiuuls aro heavily n doped (JaAs tedious with metal nmtarts. 

The Rate tetuiitial. however, consists of a Schott ky-barner junction, which is 

a metal-semiioudiictor junction that behaves like* a diode* (conducts current 

when voltage is applied in a particular direction and ads like an open circuit 

w I icti the voltage is reversed). Current flows from drain to source by means 

of a conducting channel consisting of n-type (JaAs which is not as heavily 

doped as the source and drain contact regions. Applying a small negative gate 

voltage creatc*s an ehrtron depletion region in the channel. The thickness of
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tho ' , 1 region (w liich in turn determines tho physical dimensions of the 

channel) is determined by tho value of the voltage applied, thus allowing the 

gate voltage to control drain-to-source current [31], Channel length is defined 

by the length of the gate electrode and is typically 0.2-2 /nn [31], Channel 

‘ ’ V ( \  • dimension of the gate electrode into the page) is determined by the 

designer, Refer to Figure 2,2 for a typical MESFET cross-section.

G S chottky  
b a rr ie r  JJ

Depletion 
regionn+ GaAs

n GaAs layer

GaAssubstrat

Figure 2.2: MESFET cross-section.

2.1.2 High Electron Mobility Transistors (HEMTs)

A HEM T can be thought o f as a MESFET w ith a heterojimetion. A het- 

erojunctiou is the boundary between two layers composed of materials w ith 

different band gaps, a band gap being the energy difference between the valence 

band and the conduction band of a semiconductor. The layers are commonly 

composed of (.JaAs and n-type gallium aluminum arsenide (AlGaAs) [7] as 

shown in Figure 2.3. The heterojunction provides a very low resistance chan

nel almost free of impurities for electron carriers. This high electron mobility 

channel is also commonly referred to as a 2D (two-dimensional) electron gas. 

Tho high m obility and the freedom from impurities allow electrons to move 

with relatively few lattice collisions, w ith the result that noise generated in the
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transistor is very low.

S D

n+ AlGaAs

ctrongas

Figure 2.3: IIE M T  cross-section.

2.1.3 Pseudomorphic High Electron Mobility Transis

tors (pHEMTs)

The transistor chosen for the project is an Agilent pHEM T (pseudomorphic 

H EM T), shown in Figure 2.4. Essentially, pHEMTs are HEMTs in which dif

ferent layers have not only different band gaps but different lattice constants 

(spacing between the atoms) as well. A greater number of different types of 

layers to choose from allows for an even bigger bandgap difference between lay

ers, further improving electron mobility in the channel. pHEMTs are currently 

the fastest, operating transistors available - the frequency of operation readies 

hundreds of GHz. Of interest here, however, is noise performance at 1.42 GHz. 

A t the time commercial transistors were being investigated for this project, the 

Agilent ATF-34143 pHEM T became the prime candidate due prim arily to its 

noise temperature. Agilent specifications state a noise temperature of 3(i K 

when operated at 2 GHz for the ATF-34143 when DC biased at 3 V and 20 

inA  [6], which was one of the best commercial transistor noise performances
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at the time of investigation. As mentioned in Section 2.1.1, FET gate width 

is determined by the designer: the ATF-34143 pH EM T has a gate w idth of 

800 fin  1 [6]. The wider gate width of the ATF-34143 provides impedances that 

are easier to match to as well as high linearity [32]. Linearity is important in 

amplifiers: non-linearity leads to intermodulation, the generation of in-band 

signals by out-of-band interference.

2.2 S-Parameters and the Smith Chart

A t microwave frequencies, wavelengths become comparable in size to the cir

cuit. In such a case, simple circuit analysis does not suffice because the phase 

of electrical signals w ill change significantly as the signals travel the length t he 

circuit. Instead, voltages have to be modelled as travelling waves - complete 

w ith reflection coefficients and transmission coefficients. As shown in Figure 

2.5, the most basic picture consists of a voltage wave leaving source impedance 

Zs, travelling along a transmission line with characteristic impedance Z0 . and 

then reaching load impedance Z I f  the load impedance is equal to the char

acteristic impedance of the transmission line (Z/. =  Zq ), the wave is fully 

absorbed by the load and none of it  is reflected back towards the source Zs- 

I f  there is a mismatch between the load impedance and the characteristic 

impedance of the line ( Z i  ^  Zo), a portion of the wave is reflected back 

towards the source Zs-

Terminating a port w ith a load equivalent, to the characteristic impedance 

o f the transmission line eliminates any reflected waves due to mismatch in 

transmission line and load. Characteristic impedance of a transmission line 

can therefore be defined as the value of impedance that, when attached to the 

end of a line, eliminates any reflection. A real value o f 50 Ohms is the indust ry
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Surface Mount Package 
SOT-313

l’in Conner I ions and 
Package Marking

DfUUN [Q

0sounu

X
CL

m  SOU wet 

□JOMt

Figure 2.1: a)Packaging o f the Agilent ATF 31113 pHKMT [(>]. 1>) Relative 
physical size of the ATF 31113.

standard value for characteristic impedance.

To represent a two-port network at microwave' frequencies, scattering pa

rameters (S-paramcters) can he used. S-parametcrs themselves (.S’n. S[ <.
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Z 0

Z L = Z o  

Z0

Z h f z Q

Figure 2.5: Dependence of reflection and transmission on Z ti and Z()-

S2‘i)  represent reflection and transmission coefficients of the two-port under 

certain •'matched" conditions. Su is the reflection coefficient and S;m D f l><! 

transmission coefficient at port 1 when port 2 is terminated in a load whose 

impedance is equal to that of the transmission line characteristic impedance. 

Likewise Sj-j is the reflection coefficient and Su  is the transmission coefficient 

at port 2 when port 1 is terminated in a matched load.
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Zfll » C haracteristic Two-port networkimpedance of line impedance of line

b9(x)

X=l , X = la

Figure 2.6: Incident and reflected waves in a two-port network [7]. 

In m atrix form,

M M 11 5,2

M M S21 S'22 M M
(2.1)

where « i(/[)and a2(l2) represent incident waves and M M  and h2(l2) i(,p- 

resent reflected waves. Note that when the output port is terminated w ith 

Z i — Zo2, a-iih) =  0 (no reflection occurs at Z/J. Therefore 5 ,, and S2i can 

be defined as the following:

S a
M M
a , ( l  i )

(input reflection coefficient; output port matched)
u,(i2)=n

2̂1
M M
M M

(forward transmission coefficient: output port matched)
n 2((2)= 0

Similarly, when the input is terminated with Zs =  Z(; i,  M M  =  0 (no 

reflection occurs at Zs) and S22 and Si2 are defined as follows:
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>?22 — (input, reflection coefficient; input port matched)
a Z\ l V  o i ( ! , ) = 0

(reverse transmission coefficient; input port matched)
oi(/i)=0

2.2.1 Reflection Coefficients and Impedance

A t a particular node, the voltage reflection coefficient T is related to the com

plex impedance Z  seen at that point by means of the following equat ion where 

Z0 is the characteristic impedance of the line (usually a real value of 50 i l )  [7]:

Associated w ith the two-port, are input and output reflection coefficients 

T//V and Tof/r- Source and load reflection coefficients r«? and T/, are respec

tively associated w ith input and output matching networks as shown in the 

following.

When the two-port is a transistor, its performance is optimized by insert

ing a matching network at each port. The input matching network presents 

reflection coefficient Ts at the “source” side of the two-port and the output 

matching network presents T/, at the “ load" side. Each matching network is 

designed so that each port sees a desired impedance. For example, when dc-

r  =  
z + z0

(2.2)

Inversely,

z 0( i -i- n  
i  -  r

(2.3)
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7 7^source **in ^out ^loml

©
v- Input;;; 
matchings 
networks^

rs»roPt riB

Figure 2.7: Generalized analytical form of the low noise amplifier (s]_ 

signing for maximum power transfer, each port should "see" its own impedance

input matching network. In turn, the two-port, should see F‘(i when looking 

at the input matching network. Similarly at the output of the two-port. Zi, 

should see Z j when looking at the output matching network and 1'/, 1'*,,,.

Designing for minimum noise however, has only one requirement: the input 

port of the transistor needs to see the optimum reflection coellicient. To achieve 

minimum noise, F.s =  F,,,,/ [7].

The Smith Chart is a straightforward way of displaying reflection coefficients 

and corresponding impedances at the same time. The Smith Chart is a plot of 

impedances (and/or admittances) mapped onto the F-plane. Since the Smith 

Chart is in T-plane format, T can be plotted in polar form. |!’ | = 1 implies 

100% reflection or fu lly  reflected voltage waves while |F| =  0 (the center of the 

Smith Chart) implies zero reflection and fully transmitted waves. Kach polar 

point on the Smith Chart corresponds to a particular impedance.

conjugate. W ith  reference to Figure 2.7, Z$ should see Z's- when looking at tin 

2.2.2 The Smith Chart
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On the Sniil li Chart, impedance is normalized by t ho characteristic impedance 

value Za (usually a real value of 50 O):

c =  normalized impedance 

Z„ =  characleristic impedance 

Z  — impedance

R =  resistance (real part of impedance)

X  — reactance (imaginary part of impedance) 

r  =  normalized resistance 

x -  normalized reactance

The relationship between ;  and F (Ecptation 2.5) forms const ant resistance 

r  circles on the Smith ( ’hart as shown in Figure 2 .8.

Z  1 •}- F R + j X
i  n  =  — ~ =  r  +  j x (2.5)

r  *  3.00

Figure 2 .8: Normalized resistance circles on the Smith Chart.
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Normalized reactance x  forms curves on the Smith Chart which are orthog

onal to the resistance circles as shown in Figure 2.9

j t  =  0.5

x = 0

=  - 0..

- 0.1

- 2 .0'

Figure 2.9: Normalized reactance curves on the Smith Chart. 

Similarly for normalized admittance tj,

V — Y Z 0 — (G +  jB )Z „  =  g +  jb

y =  normalized admittance 

Z0 =  characteristic impedance 

Y  =  admittance

6 ’=('on<liictaiice (real part of admittance)

D =  susceptance (imaginary part of admitt ance) 

g =  normalized conductance 

b =  normalized susceptance

In accordance w ith  r  and x  respectively, g  forms constant conductance 

circles on the Smith Chart while b forms constant susceptance curves (refer to 

Figures 2.10 and 2.11).
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g = 3.00 g  = 1.00 g = 0

r=i

Figure 2.10: Normalized conductance circles on the Smith Chart.

6 »  - 0.21

t=i
b •  -0.5

b = ~:

- 1.0

Figure 2.11: Normalized susceptance circles on the Smith Chart.

The circumference of the Smith Chart is marked w ith degrees and cor

responding fractions of a wavelength. Rotation along a constant r: in

the Smith Chart corresponds to motion along the transmission line, where 

the center of the circular motion corresponds to the normalized characteristic 

impedance of the line. Clockwise motion corresponds to motion away from the
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source and towards the load. One full 360° rotation around the Smith Chart is 

equivalent to a displacement of half a wavelength along the transmission line. 

This is because we are measuring reflection coefficients, which means the path 

of a travelling wave includes “forward” and “backward" motion. I f  the point 

of reflection is half a wavelength away, the wave would have1 still undergone a 

360° phase shift going there and then back to the point, of measurement.

In Figure 2.12. a standard Smith Chart displaying impedance is shown. 

A standard Smith Chart displaying both impedance and admittance can be 

quite intim idating when seen for the first time (Figure 2.13). Once understood 

however, the Smith Chart becomes a useful visual tool in designing matching 

networks.
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Smith Chart

Figure 2.12: The Smith Chart displaying admittance or impedance.
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The Complete Smith Chart (ZY)

m W W m
h I-t H i h I t s u r n  H f

l *  HtSlS’ AMH OM CCNOtX'iWCI UA*K»«N« jG ''o r+ '"
« iHrttrm- vm  ̂  H ir i- r - t - r rL i+ W ’W

<13 > * » •« » - **s.>r *2/'’
vv>vs* w*»» ,* <» »» >.** ? j» i « » »- *Jr &

o i  « r  » i  s$ o*  o> 03 o* o ' •

   7 /

Figure 2.13: The Smith Chart displaying hoth normalized impedance and 
admittance.
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2.3 Transistor S-Parameter Measurement

Transistor S-parameters are an essential part of the transistor model used in 

amplifier design. Even if an amplifier is being designed for a single particular 

frequency, acquiring transistor S-parameters over a large range of frequencies 

is valuable for modelling purposes. Using high frequency circuit simulation 

software, the circu it model of a transistor can be calculated by fitting  simulated 

S-parameters to measured S-parameters. A larger number of frequency points 

results in a more accurate transistor model.

Because wavelengths are short at high frequencies, transistors must be very 

small. Coupling transistors to laboratory instruments becomes very difficult, 

and test fixtures are needed to provide the interface. Chapter 3 describes the 

process of measuring S-parameters of t he Agilent ATF-34143 pHEM T w ith a 

network analyzer using test fixtures. Thru-Rcficct-Linc (TR L) calibration, a 

method of in-fixture calibration, was performed in order to remove the effects 

of the test fixtures and obtain the S-parameters of t he ATF-34143.

2.4 FET Modelling and Noise Parameter Cal

culation

The noise parameters of a FET can be calculated upon obtaining its equivalent 

circuit noise model. Theoretically, the noise parameters depend on certain 

parameters of the circu it model. The circuit model of the transistor is obtained 

by iteratively fitting  the model S-parameters to the the actual measured S- 

parametcrs of the device. There are various methods of doing this. Here, the 

chosen method is centered around least-squares fitting  of the simulated output 

of a circuit model to  measured S-parameters. A fter convergence, reliable values
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for various circuit elements such as package capacitances and inductances are 

obtained.

During this project, nodal was used for circuit simulation. Nodal is a 

Mathernatica package that performs high frequency circuit analysis - it  even 

contains FET equivalent circuit models and well as noise models. Since nodal 

performs computations w ith Mathernatica, it can be a powerful simulation 

tool. Mathernatica was released in 1988 and combines numerical, algebraic and 

graphical tasks [33]. M athem atical powerful abilities lie in its use of symbolic 

language - it can perform not, just numerical analysis, but, symbolic analysis as 

well. Variables can be manipulated and their effects oil computations can be 

monitored. Nodal takes full advantage of these capabilities while calculating 

voltages, currents, S-parameters and noise parameters.

The circuit model used here is Marian Pospieszalski’s FET noise model [12]. 

Chapter A discusses the use of Pospieszalski’s method to obtain transistor noise 

parameters. The Pospieszalski circuit, model is one of the simpler ones to obtain 

because only one noise measurement of the transistor at a single frequency 

point, combined w ith  the transistor circuit model, allows for calculation of 

all four transistor noise parameters. The procedure used for calculating noise 

parameters is summarized in Figure 2.14.
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Measure S-purnmctcrtt of pHEMT over a wide range 
range of frequencies

\ /

Use circuit simulation software to fit Kimulatcd 
S-parumeters of FET model to measured 

S-parameters of pHEMT and determine FET circuit 
model parameters

'U '

Calculate pIlEMT noise parameters using circuit 
model parameters and one noise measurement of 

pIlEMT

Figure 2 .1 1: Procedure for calculating p llK M T  noise parameters.

2.5 Noise Analysis and Design

After the F E T  modelling described in tin* previous section, a good knowledge 

of S-parameters and the noise parameters can lie obtained. There are four 

liaise parameters:

*  I  mm

the real part of Z,„•V

•  the imaginary part of

•  /i’ll

The most important, are 7’im„ and the real and imaginary parts of

is a value that specifies the lowest noise temperature the F E T  can have. Zl)fll

•17
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is the impedance the FET's input should “see” in order to achieve Trnin (recall 

for minimum noise r 5= r (V, ). The fourth parameter Rn is referred to as 

the equivalent noise resistance and is a sensitivity parameter for mismatches 

between Z„pt and Zs-

Knowledge of a F E T ’s S-parameters and noise parameters allows for the 

design of the required input matching network in the LNA circuit. Once Zopt 

is obtained, an input matching network can be designed to present the desired 

impedance to the transistor input. Noise analysis and the design process are 

further documented respectively in Chapters A and 5.

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3 

Transistor S-Parameter 

Measurement

Successful S-parameter measurement of the Agilent ATF-34143 pHEM T was 

achieved up to 10 GHz using TRL calibration. This chapter covers the method 

of calibration used as well as the components used to construct the test and 

calibration fixtures for the ATF-34143.

3.1 Measuring S-parameters of a FET: Thru- 

Reflect-Line (TRL) Calibration

Agilent specification sheets for the ATF-34143 provide S-parameters from 0.5 

GHz to 18 GHz. However, displaying them on the Smith Chart shows that 

the S ll  curve docs a full 360° rotation (as shown in Figure 3.1). Using high 

frequency circuit simulation software such as nodal to simulate pHEMT S- 

paramctcrs, Bruce Vcidt was able to conclude that this behavior is impossible 

to simulate w ith  a FE T  unless something additional is connected to its input — 

for example, a long transmission line. Agilent’s given S-parameters were clearly
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incorrect. Transistor S-parameters would have to be measured manually.

ji,o

j2.0jO.5,
0 G H z

j0.2

0.3 3.01.0jO.O

SI-j0.5

18 G H z
-j2.o 500 M H z

-jl.O

Figure 3.1: 5n  data provided by Agilent.

Accurate transistor S-parameters were obtained using TR L calibration w ith 

an Agilent 8720 ES network analyzer. The network analyzer's coaxial cables 

cannot be directly attached to the transistor due to the mismatch in physical 

size. Therefore a fixture is needed to provide an interface between the coaxial 

cable and the transistor, and TR L calibration is a means of eliminating fixture 

and cable effects on S-Parameter measurement of a non-coaxial device. TR L 

was chosen because it  requires calibration standards that are easier to realize 

w ith microstrip (see following paragraph) at high frequencies. Short-Open- 

Load-Thru (SOLT) is another common way of calibrating non-coaxial devices 

but. the required standards are not, as easy to build. In particular, the load 

standard introduces a challenge because a purely resistive load is d ifficult to 

realize over a large bandwidth in inicrostrip [9].
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Calibration fixtures were const nut (’<1 using microstrip, tin* transmission 

medium of choice in Imihlin^ tin* LNA. Microstrip is a typo of transmission 

lint; used in tin* construction of I ’CHs (printed circuit boards), It is commonly 

ust'd in the construction of high frequency circuits due to its high bandwidth, 

excellent ininiat in i/at ion. easy iulcgruticen with chip device*, uni low radiation 

losses(.'M). Signals are transmitted by a conducting trace on a dieh i trie (non

conducting) substrate. The substrate rests on a conducting sheet that acts as 

the ground plane. Convenience lies in the simple geometry of microstrip (see 

Figure .*1.2). which allows for easy mounting of circuit components.

i

Figure .1.2: Microstrip geometry ['.)].

The iixtm e is ideally lossless or “ invisible. Therefore in order to keep losses 

at a minimum. Rogers !{()■ICHKi microstrip was sclec-ted. HOHMId is composed 

of a very low loss subs!rale, as demonstrated in Figure .‘{..'I. The chart displays 

insertion loss, which is obtained by measuring the gain (also known as sc a tter

ing parameter .S* )̂ of tlu* microstrip. If  the microstrip were p e rfir t ly  lossless, 

the gain would be unity (0 elB). In actuality, however, microstrip Inis some 

loss, which introduces negative gain. UOIUOd is inferior to only two type’s of 

laminate' on the c hart: UOdOOd and PTFE/woven glass. HOdOOd was not cho

sen because it is not as rig id as HOIOOd, making its sturdiness questionable. 

I ’TFR is more expensive' due to special high-cost, fabrication pioee*sse'S [daj.
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Measured Microstrip Insertion Loss Data
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Figure 3.3: M icrostrip insertion loss [10].

( ’arc s \ ‘ ’ 1 taken when selecting connectors as well. Connectors should 

provide a good transition from the network analyzer cables (coaxial) to the 

fixture (microstrip). Further detail on the type of connectors used for the 

fixtures is discussed in section 3.3. TR L calibration was successfully performed 

over the frequency range 500 MHz - 10 GHz as shown in the following.
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t  -jo K ^ ^ _-jU|'’ 500 M H z
START 5 0 0 .9 0 0  MHz S TO P 10000.000 MHz

Figure 3.4: Measured 6’u of ATF 34143 pHEM T from 500 MHz to 10 GHz 
plotted on the Smith Chart.

3.2 Thru-Reflect-Line (TRL) Standards

The fixtures used in these measurements are shown in Figures 3.6 and 3.8. 

During S-Parameter measurement, the device under test (DUT) is sandwiched 

between two fixture-halves. Each fixture-half terminates in a coaxial connec

tor, acting as an interface to the coaxial cables of the network analyzer. To 

maximize the transparency of the fixture to the network analyzer, fixtured cal

ibration standards are required so that the fixture itself may be calibrated out 

of the measurement. These standards consist of a THRU, a REFLECT and at 

least one LINE (depending on the range of frequencies used). The following 

are guidelines for building TR L standards.
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Reference
Plane

 D=
I

1 ICalibration I Measurement
Plane j J Plane

Figure 3.5: S-parameter measurement of a non-coaxial device in fixture based 
on [9],

3.2.1 THRU

The THRU standard is simply the fixture by itself (i.e. the fixture-halves 

joined together). It consists of a 1” (2.51 cm) length of microstrip w ith two 

coaxial connectors soldered at each end. The middle of the THRU standard 

sets the reference plane for measurement . Recall that impedances displayed on 

a Smith Chart require a normalizing value. The THRU standard provides the 

characteristic impedance for measurements to be referenced to. In this case 

the standard 50 Ohms was used. The characteristic impedance of microstrip 

transmission line depends on not only the width of the conducting trace, but 

the thickness and dielectric constant of the substrate as well. The dependence
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of eharacterist ie impedance on these factors can l>o quite complex and requires 

substantial computational efforts [3(i]. However, ther«‘ are software tools that 

prove to be useful. Nodal lias a Z() function and Rogers Corporation offers a 

free program on its website to calculate characteristic impedance of microstrip 

lines [.'17], Using those two tools, it was calculated that R(M()03, which has 

a dielectric constant of 3.38 [ID], should have a line width of approximately 

0.080” (0.20 cm) in order to have a characteristic impedance of 50 Ohms.

3.2.2 REFLECT

The REFLECT standard can be either an open circuit or a short, circuit. A 

perfect open or short causes 100% of an incoming voltage wave to be reflected 

back, which is equivalent to a 0-dcgree (open) or 180-degree (short) phase* 

shift in the wave. The point of reflection establishes the reference plane (the 

point where each fixture-half meets the device). Hecause the reflection needs 

to occur at the reference plane, the REFLECT standard is constructed using 

a lixturo-half that terminates in an open or a short.

Due to the fringing capacitance of an open circuit created in microstrip 

[38], a short circu it was chosen for the rellect standard (fringing capacitance 

brings the impedance of a microstrip open circuit further away from that of 

an ideal open circuit). The short was constructed using vias (holes that are 

plated through w ith conductor so that they are connected to the ground plane 

of the microstrip).

3.2.3 LINE

Although its characteristic impedance should be equal to that of the THRU 

standard, each LIN E standard must not have the same insertion plmse as the 

THRU. Insertion phase is the phase of the signal at the output port relative to
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tlu> input port. In o ilie r words, the LINK standard has to be a certain length 

longer than the THRU but not long enough that insertion phase is duplicated. 

The dilferenre in insertion phase between the THRU and LINE standard must 

remain between (20° and 10(F) ± / i x 180° to avoid ambiguity. Optimal line 

length is 9(F, which is one quart or-wavelength. The usable bandwidth of a 

single LINE has an 8 :! ratio, meaning the upper frequency lim it is 8 times that 

of the lowest frequency being used [9]. Because of this bandwidth lim itation, 

more than one line standard may be needed if the usable frequency span of a 

single line standard is not wide enough.

For example, the Agilent datasheet gives S-Parameter data from 500 MHz 

to IS GHz. TR L calibration would require more than one LINE standard 

to cover this entire range. Due to the 8:1 bandwidth lim itation, the upper 

frequency lim it for LINE 1 would be 8 x 500 MHz. or I GHz. LINE 2 would 

be usable from 1 ( ! I lz  to 18 GHz. The lengths of the excess transmission line 

(relative to the length of the THRU standard) for use within frequency range 

f \  *«> f i  are calculated as follows [38].

, * 15000-r / - ’ , . , n
hi i i i l n(n i ) )  = —  ---------------------------   (3.1)

Y F  is velocity factor, or the amount the speed of electromagnetic propa

gation in a medium is reduced relative to that of propagation in free space. In 

the case of microstrip. the velocity factor depends on the effective dielectric 

constant of the substrate.

V F  =  (3.2)

M icrostrip effective dielectric constant is a function of the relative dielectric 

constant of tlit* microstrip substrate and microstrip geometry. It accounts for
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electric fields not being fu lly constrained within the substrate: they "leak” 

into the air. R04003 has a dielectric constant (er ) of 3.38, which means its 

effective dielectric constant is 2.68 (calculated w ith nodal’s DielectricConstant 

function). As a result, the excess lengths of LINE 1 and LINE 2 relative to the 

length of the THRU standard were calculated respectively to be 0.74” (1.88 

cm) and 0.15” (0.38 cm).

3.3 Connectors for Fixtures

SMA (Sub-miniature version A type of coaxial connector) connectors are re

quired for the test fixtures so as to interface to the network analyzer cables. 

Special care needs to be taken when choosing SMA connectors for TR L cali

bration fixtures because' these connectors provide the transition from coaxial 

cable to m icrostrip over a wide frequency range. It. is extremely important 

that the microstrip-coaxial transition is high quality and works well at higher 

frequencies. Mounting the fixture on something solid w ill ensure consistency 

by keeping the microstrip board fixed in place. Unfortunately, the first set 

of test fixtures were constructed without mounting blocks and w ith typical 

off-the-shelf SMA connectors. S-parameter measurement was successful up to 

only 6 GHz (see Figure 3.6).
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S l l  measurement 
from  4.5 GHz -  18 GHz

0>)

Figure 3.G: a)Low quality microstrip TRL fixtures, b) Measurement attempt 
above G GHz w ith  low quality fixtures.

Finally, high quality SMA connectors were purchased from Southwest Mi-
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crowavo because of their specially designed microstrip-to-coax transitions and 

used to construct new test fixtures (refer to Figure 3.8). The target upper 

frequency for S-Parameter measurements was 18 GHz hut measurements wen; 

successful only up to 10 GHz (see Figure 3.9). However, 10 GHz is still a 

significant improvement over G Gllz - nearly double the measurement band

width. Southwest Microwave provides a variety of coax-microstrip transitions 

to accommodate different microstrip conducting trace widths and substrate 

thicknesses. For this particular application, 29D-3GG panel mount connectors 

with launch pin and dielectric transitions were used, as shown in Figure' 3.7.

LAUNCH PIN & DIELECTRIC TRANSITION

r  DIELECTRIC
SMA ----

CONNECTOR

MICROSTRIPREPLACABLE
CONNECTOR~\

Figure 3.7: Southwest. Microwave microstrip-to-coax transitions [ l l j .
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F il l in ’ .'5.8: Belter quality inicrostrip TRL fixtures.

(if)
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CHI S l i  1 U FS . .
1: 12.773 ft 72.137 ft 1.1481 nH 
10.808 000 000-GHz-f-'—- l

START 500.000 MHz STOP10000.000 MHz

CH3 S12 1 LI FS
IS  70.4 22 ft -10.301 ft 1.5451 pF
18.000 800 0 0 a e H s tj-~ ^ .

26 Sep 2003 2 0 :4 2 :1 2
ICH21 LOG 10 dB/REF 8 dB 
S21 l:- .12 8 0 0 d B  10.000 0  0 0 000 GHz

Cor

START 500.008 MHz STOP10880.080 MHz

CH4 S22 1 U FS
1:34.369 ft 58.814 ft 9 36.08 pH 
10.008 808 000,&Harr-

Cor

Figure 3.9: S-paramcter measurement with the Agilent 8720 ES network ana
lyzer from 500 MHz to 10 GHz. The pointer marked “ 1” in the graphs lies on 
10 GHz. Graph S21 (top right) is on the scale of 10 <1B per grid division.
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Chapter 4

Field Effect Transistor (FET) 

Modelling Using S-Parameters 

and FET Noise Parameter 

Calculation

How the equivalent circuit rnodcl of the Agilent ATF-34143 pHEM T was ob

tained from its measured S-paramcters is documented in this chapter. Theoret

ically, the equivalent circuit of a FET can be determined using the F E T ’s mea

sured S-parameters and simulated S-parameters over a wide frequency range. 

The equivalent FET circuit can then be used to calculate the FET noise pa

rameters, which are necessary for LNA design. Simulated S-parameters can 

be generated from a FET equivalent circuit model using high frequency cir

cuit simulation software. For this project, nodal was used to simulate the 

S-parameters of the FET equivalent circuit. Optimization of the equivalent 

circuit element values was performed iteratively by least-squares fitting  of 

simulated S-parameters to measured S-parameters of the ATF-34143 over the
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frequency range 0.5 - 10 GHz. To obtain in itia l values for the optim ization 

process, I used a variety of sources, including values specified by Agilent for 

the ATF-34143 as well as already-documented values for other FETs. 1 also 

attempted to obtain rough estimates of FET circuit model parameters w ith 

a method commonly known as the cold FET method, which involves taking 

S-parameter measurements of the ATF-34143 at different bias conditions. F i

nally, noise parameters were determined using Pospicszalski's method, which 

w ill be discussed in this chapter, as well as circuit noise modelling performed 

by nodal.

4.1 Noise Power

Recall from Section 1.5 t hat noise in electronic devices is generated by t hermal 

fluctuations in electrons. Equation 1.15, which states the maximum power 

obtainable from a noisy resistor w ith in  bandwidth A / ,  comes from Nyquist/s 

derivation in 1928 of the following relation between the nns voltage of thermal 

noise vn rms appearing across a resistor R [39]:

v„,nns  =  \fd i =  \JdkT  R A f  (4.1)

Equation 4.1 can be used to model the physical resistor /? as a noise-free 

resistor in scries with a voltage source of m is voltage y/^kTR A f .  Derived from 

Norton’s theorem, an equivalent current, source model consisting of a current 

source w ith rms current \ jA k T G A j in parallel w ith noise-free conductance 

G -  ~  can also be used to represent, a noisy resistor. The equivalent models 

are shown in Figure 4.1 [39].

G3
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notw-flve

n.rrns

:i « (= )  J C=} |  G )  *•-.n.rniH

Figute 1.1: lC«iuivaU*nt models of a noisy resistor //.

A-* si ili il | i irvii iiislv. Kquutiou 1.15 gives I In* maximum power obtainable' 

from noisy resistor I t  W ith respect to and I t  Initiation 1.15 i 1 '.aits- 

lates into tlii- following:

/ ’v A / A /
;,k' n.ftft*

M I

Maximum power transfer oeeurs when tin* load impedance is the ; 1 x

conjugate of I lie source impedance. This can he explained hy a simple network 

with a source generator and a load.

f \ j )  V

Figure 1.2: Voltage generator driving a load.

The power dissipated in the load can he found using the following relation:

frl
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where

Putting everything together.

Letting Z  — R  +  jX ,

r  i
2 ( [{■; I- ! [X s  -r A'; )-

From the above eciuation, P  is maximized when 2/, = Rs ~ jX s  =  Z$. 

And when 2/, =  2*-.

which is equivalent to Equation 4.2 if  vH rms and I I  comprise the noisy resistor 

w ith R as the; load.

Similarly, a noisy network w ith  available output power P„ w ith in  bandwidth 

A /  can be modelled as a noisy resistor at temperature Tx producing available 

power P„, as shown in Figure 4.3 [7].

■o o

Noisy
Network 

o -o

T  = T  = P8 aa
kAf

Figure 4.3: Noisy network modelled as a noisy resistor.
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4.2 Noise Temperature and Noise Figure

A noisy two-port network can be modelled as a noiseless two-port network 

with additional noise power at its input (refer to Figure 4.4). Consider a noisy 

two-port w ith noise power P/vi =  kTsA f  entering at its input. Input noise 

power Pa-i is amplified by the available gain of the two-port Cm, resulting 

in output noise power Pv0 =  G,\Pn i- I f  the two-port is to be modelled as 

noiseless, then in the model, additional noise power k T ,A f  is added at the 

input, symbolizing the noisy two-port’s noise power contribution referred to 

the input of the network. Therefore, the noisy two-port is defined as having 

an effective input noise temperature of T,. The noisy two-port’s input noise 

power contribution is amplified by the two-port's available gain C,\ and shows 

up at the output as (kTeA /)C m .

Noisy 
tw o -po rt 
network

So

(»)

Noiseless 
tw o -p o rt 
network

G.

kT'Af

PNo= (kT.A PG a *  (kT'A f)G A

0>)

Figure 4.4: a) Noisy two-port network, b) Noiseless two-port network model 
of noisy two-port, network [7].
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Because' of the additional input noise power k T ,A .f, the total output noise 

power P,\’„ becomes a sum of two terms:

Pno — G.\ P.Mi +  G.\kTeA f (4.3)

=  kTsA fG A +  k'PAJG .,

The available gain GA is defined as the ratio of available signal power at 

the output Pso to available signal power at the input Psi'.

The ratio of signal-to-noise power ratio at the input to signal-to-noiso ratio at 

the output defines the noise figure F  of the two-port. In other words, noise 

figure is a measure of how much a signal degrades as it  passes through the 

two-port as a result of the two-port’s own noise. Substitution of Equation 4.4 

into Equation 4.3 results in an expression for the noise figure of the two-port 

in terms of input noise temperature and additional effective input noise 

temperature Te\

T,. has already been defined as the noise temperature of the noisy t wo-port. 

Ts, also known as 7’0) is a reference input noise temperature required to obtain 

the noise figure of the two-port. The standard value has been set at 290 K. 

The term “noise figure” has been commonly used since the 1940’s, when it was

(4,1)
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defined as above by Harold I-Viis (M). In modern usage, however. I In* <|iiantity 

F  lias often come to be known as “ noise l'actor,” while the same quantity in 

(IB units. , \ l - \  is known as noise figure.

.V F  UHoo /*'.

For simplicity however, in this thesis F  and .VF w ill both be referred to as 

noise figure ,VF being noise figure in terms of dB.

4.3 Noise Parameters

Noise figure is a convenient way o f quantitatively describing the noise perfor

mance of an amplifier, lbs all from Section 2.5 that a major part of this project 

involves obtaining the noise parameters of a FET and that there are four noise 

parameters in total:

•  I iniii Ot /* r)mi

•  the real part of Z„vt or I',,,*

•  the imaginary part of Z ,^  or I',,,,

•  equivalent noise resistance l i „  or equivalent noise conductance* ijn,

Tm,n mid F„,„, specify the lowest noise an amplifier can have*. Z,,,,, and I 

specify what impedance the input port o f the amplifier needs to see in order 

to achieve lowest noise. Hn and %  are measures of the sensit ivity of amplifier 

noise temperature T  or noise figure F  as Zs deviates from Z,n,t . Noise resis

tance /?„ and noise conductance //„ arise from the noise representation of the 

two-port us shown in Fig 1,5.

G8
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LINEAR 
NOISELESS V2 
TWO-PORT

■o

o- o

Figure 4.5: Noise representation of noisv two-port, used to define noise param
eter and yn [12].

and (}„ are defined as the following [12]:

/i‘„ — noise resistance (Sf)

yn =  noise conductance (siemens)

[(’„] =  noise voltage source amplitude (volts)

|/„| =  noise current, source amplitude (amperes) 

k — Boltzmann’s constant =  1.3807 x 1()~2J J /K  

7], =  standard reference noise temperature of 290 K 

A /  =  bandwidth (Hz)

The noise temperature T  of a two-port amplifier can be expressed as a 

function of the four noise parameters [12]:

  r r *  . r p  [ I I I  I r y  r y  | 2

—  *  m i l l  ' °  r y  I 9  ^ o p t l

T  =  noise temperature of amplifier (K )

/),I1M — minimum obtainable noise temperature of amplifier(K) 

To =  standard reference noise temperature value of 290 K

G9
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(]n =  noise conductance (siemens)

Rg =  real part of source impedance 

Zg =  source impedance

Zopl =  source impedance seen by amplifier input which achieves Tmm (Q)

Since F  is related to T. the noise figure F  of a two-port amplifier can be 

expressed as a function of the four noise parameters as well [7]:

p — p  I '1 r n 11 .S’  ^  I  , n , l  I ,  .

r - ^ " +(Mr7TiT71V 1 *

r„  =  ^  =  equivalent normalized noise resistance of two-port. 

r s =  source reflection coefficient

Topi =  optimum source reflection coefficient for minimum noise 

Fmi„ — minimum noise figure

Constant noise figure (F ) values form circles in the IV p lane  except for the

single point Fmin, which corresponds to F.s- =  r o;,( (refer to Figure 4.6).
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F

(ft)

Fmin= 1.1 dB
F = 1,2 dB 
F = 1.6 dB 
F = 2.1 dB 
F = 3.1 dB 
F = 4.1 dB

-ji.o

Figure 4.6: a) Noise figure F  as a function of source reflection coefficient IN,- 
[13]. b) Example of noise figure circles on the Smith Chart (IV p lane) [14].
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4.4 Using a FET Equivalent Circuit Model to 

Find Noise Parameters: the Pospicszalski 

Method

If llio  small-signal equivalent circuit of a FKT ami two particular frequency* 

independent constants are known, then theoretically all four noise paramc- 

ters ( / ‘‘mi,,, /fc |P ,Tf], / //t[!A,7,£)) can be predicted over a broad frequency 

range. This way of obtaining noise parameters can be attributed 1 *> Marian 

Pospicszalski [12]. According to Pospicszalski [12]. Pncel [10] provides the 

most comprehensive! FKT noise model. However. Pucci's model requires three 

frequency-independent noise coefficients to be known in addition to a FKT 

equivalent circuit model. Taking advantage* of more reeont weak by (h ip ta  i t  

ul. [13], Peispieszalski has be>eu able to show that aceurate netise parameters 

may be ealeulateel from knowledge of a FKT equivalent cire uit ami only one 

fre<iueney-independe‘nt constant [12]. The equivalent e ircuit mode'l is shown in 

Figure' 1.7.

GATE DRAIN

SOURCE

Figure *1.7: intrinsic noise equivalent circuit e»f a FKT. Delay r  repre'se*nts the' 
transit time of edeetrons through the FET ehanned.

Initially. Pospieszalski's moelel re?c|iiire*s two frequency-inele'pe'nde'nt eon-
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•slams: lho gali* equivalent temperature and drain equivalent temperature 

7,’/. T,i represents the equivalent noise temperature o f the gate resistance! /?,,* 

while 7‘f represents the equivalent noise temperature of the drain conduct/nice 

f i ’,/,. However, only one o f the frequency-independent constants needs to be 

determined - '/ ’/• It has been shown experimentally by CJupta i t at. (l.'ij that 

T,t can be approximated as the ambient temperature of the device. Upon ob

taining an equivalent FKT model and T,t , each of the four noise parameters 

can be expressed in terms o f ’I], , T,t and FET equivalent circuit parameters 

[ 121:

f»/»/ f  tO i
2 n /C ;l

I~/ r \  - ij r
l l r t  =  M  \ j ( ~ )  +  (l-10)

V V J /  J ' l

//• V / /  \ J i  /  \ y v

f V G t X t

\ f r j  T,t

X„,,t ~ imaginary part of optimum impedance for lowest noise (ft) 

H,n,t real part of optimum impedance for lowest noise (ft)

7mi„ minimum noise temperature (K )

«/„ noisi* conductance (siemens)

/  -= frequency (Hz)

f t  = cu to ff frequency (Hz)

C,^ gale-to-source capacitance (F)

/fv, gate-to-source resistance (ft)

7d
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R,is -- drain-t.o-source resistance ($2)

G(is =  -j— =  drain-to-source conductance (siemens)

Tg — equivalent gate temperature (K)

Td — equivalent drain temperature (K)

where

h m £ r *  (U3)
ym =  transconductance of FET (siemens)

The transconductance of a FET is the ratio of the change in drain current 

to a change in gate voltage and has units of siemens. The cutoff frequency is 

defined as the frequency at which FET current gain drops to unity [31].

This FET noise model is restricted to the following condition:

r mm < 4NT0

where

N  — R  opt H it

Values of N and Tmin that satisfy this relation allow the model to represent 

a physical two-port [12]. As will be shown later for the ATF-34143 pHEM T 

(biased at a drain voltage of 3 V and a drain current of 20 n iA ), Ropt -  GGQ, 

=  77.9ft, <7m =  0.10G Siemens. Td =  927 K, T„ = 290 and Tmin =  7.5 

K (calculated using the Pospicszalski method), which makes 4ArT0 equivalent 

to 14 K - therefore Pospicszalski’s noise model is applicable. As well, the 

Pospicszalski noise model is valid for high frequencies where 1 /f or “ flicker 

noise,” is insignificant.
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4.5 Adding Extrinsics to Pospieszalski’s Model: 

the Total FET Chip Equivalent Circuit

The model provided by Pospicszalski is only an intrinsic one. Because the 

ATF-34143 is a packaged chip, an extrinsic circuit needs to be added to the 

model used by Pospicszalski in order to account for the parasitics introduced bv 

the transistor’s chip packaging. The chip packaging of the transistor introduces 

resistances, inductances and capacitances as shown in Figure 4.8.

Le Hu L (i
GATE A k DRAIN

Intrinsic
FET
circuit

Cout  _in

SOURCE

Figure 4.8: Extrinsic FET circuit representing chip package parasitics [15].

Altogether, the intrinsic and extrinsic FET circuit models combine to form 

a total FET equivalent circuit model consisting of 15 circuit elements that 

need to be determined (see Figure 4.9). The intrinsic circuit model is obtained 

from Pospieszalski’s work while the extrinsic circuit model is obtained from 

work done by Brockerhoff ct, al [15]. The next section describes how these 

circuit parameters are determined.
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'</ DRAINGATE

SOURCE SOURCE

Figure 4.9: Total FET equivalent circuit, model including extrinsic parasitic*

[15]-

4.6 Determination of FET Equivalent Circuit 

Element Initial Values

The FET equivalent, circuit model used in work by Brorkerhoff i t  at. was cho

sen because of an accompanying method of circuit element extraction which 

includes optim ization [15]. As w ill be discussed later, other methods such as 

the work done by Dambrine et al. involve direct extraction from the mea

sured S-parameters themselves [10], However, extraction of punishic resis

tances directly from measured S-parameters has proven to be quite diliienlt. 

The work by Brockcrhoff ct nl. at least allows for an in itia l rough estima

tion of FET circuit elements. The method consists of iteratively fitting sim

ulated S-parameters based on the FET equivalent circuit to actual measured 

S-parameters in a specific sequence. To begin the process, a FET equivalent 

c ircuit w ith circuit clement in itia l values is needed to start the iteration. This 

poses a challenge because there are 15 parameters for which in itia l values are

7(>
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lim it'd . It is import tint that these in itia l values arc w ithin reasonable range of 

typical FKT et|uivalent circuit elenn'iit values so that I lie iteration converges 

to a realistic solution.

Fortunately, many circuit models of FKTs have been documented and pro

vide a good estimate ol each ciicuit element’s order of magnitude. As well, 

there are ways to extract certain circuit elements from various DC-biased S- 

pammeter measurements. Thirdly, Agilent provides its own equivalent, circuit 

model o f the /VI F-.T11 h’5. One does not have to start from scratch when 

sf.uching for in itia l values to use in the circuit element extraction iteration. 

The following is a discussion of these three different sources o f circuit ('lenient 

in itia l values.

■1,6.1 Previous FET Circuit. Models

Numerous papers on FKT modelling provide examples of FKT equivalent cir

cuits. These circuit models provide a good estimate of extrinsic parasitics. 

Although the intrinsic FKT itself may vary a large amount from model to 

model due to the variation in different types of MCI' chips, the chip packaging 

parasitics do not hold as much room for variation. For example, source, gate 

and drain inductances commonly range from the order of tenths of a nanohenry 

to a nanohenry while corresponding resistances commonly range from the or

der of a tenth of an ohm to an ohm. Parallel capacitances commonly range 

from the order o f hundredths of a picoFarad to tenths of a pieoFarad.
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4.6.2 Various DC-biased S-Parameters - the Cold FET 

M ethod

According to Dambrine ct al. [16], S-panunotcr measurements at different, bias 

voltages can be used to extract the parameters of a FET equivalent circuit. 

This is because, unlike the intrinsic elements, the extrinsic elements are inde

pendent of the biasing conditions. While keeping the drain voltage at zero, 

S-parameters are measured at a gate voltage above its pinchoff value and a 

gate voltage lower than its pinchoff value. (The pinchoff value specifies at 

which gate voltage the FET "turns off.” No current flows through the FET 

if  the gate voltage is lower than its pinchoff value.) The equivalent, intrinsic 

circuit of a FET at these particular voltage biases is simplified, allowing the 

investigation o f extrinsic elements. This method of extracting extrinsic circuit 

element values is commonly referred to as the cold FET method.

It should be noted that conversions can be made between S-parameters 

and other network representations such as Z-pararnetcrs and Y-parameters. 

Z-parameters are represented by an impedance matrix. For the Z-parameters 

of a two-port, the complex matrix elements are defined as follows:

Z\\ /i h =0
(impedance of port 1; port 2 open-circuited)

Z 12
El
h f l =0

(port 1 voltage /  port 2 current; port 1 open-circuited)
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/■>=()
( port 2 voltage/port 1 current; port 2 open-circuited)

Z‘> 2 —
/ , = 0

(impedance of port 2; port 1 open-circuited)

The Y-parameter matrix is the complementary admittance matrix of the 

Z-paraineter matrix. Y-parameter matrix elements are functions of the Z- 

parameter matrix elements as follows:

where

V u  V ',,
1*1

-'/■XI
1*1

Vo I V22 - * . ’1
1*1

* u
1*1

|z| = ;- 11* 0.2 — Z\ 2- ?2.

Z-parameters and Y-parameters are convenient for representation of impedances 

and admittances respectively. Equations that allow conversion between S- 

parameters, Z-parameters and Y-parameters may be found in numerous elec

trical engineering texts. Conversion between S-parameters. Z-parameters and 

Y-parameters are required when de-embedding the FET equivalent circuit el

ements until only the intrinsic circuit is left. Figure 4.10 summarizes the steps 

required for dc-embedding.
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S u  S12

21 S22

s -*~  z

o u ti n

intrinsic
device

(a)

Z jj - j ( oL —j-/VVv

Z 21 Z22 ~Jw Ld

out

12

?21 Y 22 'J ^ C o u t

Y~*- Z

(c)

Z n  -  Rt -  Rg Z 12 -

- j ( o L  - J w L ,

Z 21 ~ Z 22 ~  Q  ~

- j ® L .

Z~*~ Y

(d)

R„ R.i

Figure 4.10: Cold FET method for dc-cmbcdding to derive the intrinsic circuit 
based on [16].
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Ilovv u ii1 e x tr in s ic  values o b ta in e d  sc» d ia l th ey  can lie  s u h t Ia< tc‘(l from th e  

equivalent circuit? ‘I'liis is where* th e  cold  FKT met hod com es in. At zero 

drain V oltage an d  leaver-1 han-p ille  hoff gate' vo ltage. th e  equ ivalen t FKT c irc uit 

is simplllic'd an fo llow s w hen* ( ) ,  represents the fringing eapae itan ee  at each  

side oi th e  g a te  j | ( i j :

Figure 1 I I :  Fapliv.dcnt l 'K T  circuit at zero drain b ia s  voltage and gate voltage 
below pun hoil value* jlt ij.

\Vln*u tin* gate voltage is above* pinchoff value. capacitances become uegligi- 

li|e, m lm  iug the ■ cptivalent circuit to rcsistaiu cs and inductances as shown in 

tin* following. when* is tin* diode* resist aim* of tin* forward-biased Schott kv 

junction (see Scs tiou 2 1.1) and r,/, is the channel resistance*:

T MIUKtr,

Figure 1,12: Kcptivalent. FKT circuit at zc*ro drain bias voltage* and gate voltage 
above pinchoff value* [IT}.

Since* tin* first elements to remove in the dc-cmbedding process arc* inchic-

ean;
A A /V

SOURCE

V  miAis

o a t t :
A /VW —AAA-

* * *  d ra in
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tances, cold FET S-parameters at gate voltage above pinchoff value are needed 

in order to determine the extrinsic inductances (see Figure 4.12). The cold 

FET S-parameters above pinchoff can be converted to Z-parameters, which 

yield the following approximations [17]:

Zu =  Ra +  (2/?gfif)//(2 /? fir£; +  r cn) +  Rs +  ju { L g +  L s)

%22 — R< l +  Trh / / ‘I Rgg +  Rs +  juLg

Z‘>\ — Zyi — -r<:h//4R(jtj +  Rs +  +  Ls)

Extracting values for parasitic inductances L ;I, L,/ and L s is relat ively sim

ple using the imaginary parts of the cold FET Z-parameters above pinchoff. 

When the imaginary parts of the Z-parameters are plotted with frequency, 

there is a linear relation between inductive reactance and frequency:

I m{ Z \ \ )  =  ju ( L g +  Ls)

I m { Z 2i) =  ju iL s

Irn(Zoi ) =  I  m( Z  12) =  j v ( L tl +  L s)

After subtracting the effects of the extrinsic inductance parasitic effects 

from the equivalent circuit Z-parameters, the new Z-parameters are then con

verted to Y-parameters so that the effects of extrinsic capacitances Cm and
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Covi. can bo subtracted (Figure 4.10b and Figure 4.10c). Like the extrinsic 

inductance values, extrinsic capacitance values are also relatively easy to ex

tract. When the S-paraineters below pinchofF are converted to Y-paranieters, 

the following approximations can be used for analysis:

/m (Y n ) =  ju i(C in +  2 Cb)

I w (Yi2) =  Im{Y2l) =  - ju C h

Im (Y 22) =  jui(Cb +  Cmt)

A t this point, an obstacle was encountered. Extrinsic resistances RtJ, R(l 

and Rs proved to be quite d ifficult to extract using cold FET parameters at 

above pinchofF. Aside from the work by Dambrine et «/., work by Costa et al. 

[17] provides a detailed explanation on extracting the extrinsic resistance val

ues by using multiple biases of the gate. However, extraction by this method 

led to the calculation of negative resistance values, which are physically unre

alistic. The failure of this method may be attributed to several causes: (a) the 

small physical values of the resistances, overwhelmed by the effects of other 

parasitics, or (b) the need for higher accuracy in S-parameter measurements 

or wider frequency coverage of these measurements. How extrinsic resistance 

values were obtained for the FET equivalent model is further explained in the 

next section.

When all that is left, is to evaluate the intrinsic circuit, measured S-parameters 

below 5 GHz of the FET under operating bias conditions arc needed for the 

following equations. A t frequencies below 5 GHz, the Y-parameters of the 

intrinsic circuit can be approximated in a set of equations [16]:
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Y\\ — RgsC'ggU2 +  jU j(Cgti +  C,jd)

^12 =  —juCgrf 

f  21 — Uni ~  jw ( C g , [  (- IJm (RgsC.’gs +  t ) )

2̂2 =  G(is +  j^{C,ts  +  Cgd)

Unfortunately the inability to obtain extrinsic resistance values prevents 

further thorough analysis past this point (refer to Figure 4.10 <1).

4.6.3 Agilent ATF-34143 Specification Circuit Model

Agilent specifications provide an equivalent model of the ATF-34143. This is 

valuable especially regarding the extrinsic resistances Rg, R,i and /?< as they 

are quite difficult, to extract, using cold FET methods as previously discussed. 

Other extrinsic values are provided but they are valid only up to 6 GHz [6]. 

As for the intrinsic equivalent circuit provided, it is different from that used 

by Pospieszalski, but serves as a useful guide for intrinsic capacitance in itia l 

values Cgs and C,ts.

4.6.4 Initial Values

As a result o f the above analyses, in itia l values for extrinsic capacitances and 

induct,anecs were obtained using cold FET methods. Extrinsic resistances 

proved to be d ifficu lt to obtain, so the values specified by Agilent were chosen. 

Agilent also provides values for the intrinsic capacitances, leaving only in itia l
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values for intrinsic,* //,,,, /f,/,, </,„ mid r  to be determined. However, these 

values can he estimated from the documentation of numerous other alreadv- 

detcrminod FKT ei|uivalent circuit models such as IIE M T  circuit models pro

vided by Pospies/idski i t  nl. [12], Brockerholf cl ul. [15] and Agilent specifica

tions ]li). The following in itia l element values for the FET equivalent circuit of 

the A T F -T llT l p lIK M T  (biased at a drain voltage of 3V and a drain current 

of 20 mA) wen1 chosen:

C„, - 0.01 pF 

c ,ml = 0.02 pF 

L,, 1.07 n il

It., =1 .05 I 

L,i — 1 ..T.) a ll 

l i t  =0.25 52 

L„ 0.12 n il 

l t s =0.125 Si 

C9s =0.80 PF 

J lls =5 Si

C'ds  =0.01 pi- 

It,is =100 Si

C,j,i =0.10 pF 

Um —0.1 siemens 

r  =10  picoseconds
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4.7 Sequential Fitting of Simulated S-Parameters 

to Measured S-Parameters

After performing sensitivity analysis oil the effect, of different circuit elements 

on various S-parameters, Brockcrhoff et ul. [15] decided on an optim ization 

procedure. Starting with a certain S-parameter over a wide frequency range, 

one to three corresponding circuit elements arc set as variables. These circuit 

elements were chosen based on the degree of high sensitivity to the partic

ular S-parameter. Simulated S-parameter values are fitted to the measured 

S-parameter values by the method of least squares. The solutions for the 

corresponding circuit element variables are chosen on the basis of m inim izing 

the difference between simulated and lifted  S-parameter values. The next, step 

consists of the same process w ith another S-parameter and a corresponding set 

of variables. The overall method consists of 8 steps, start ing w ith S-parameter 

Su (see Table -1.1) [15].

S tep E lem ents  V aried S -Param eter

1 C y s '  K g s

2 f  i t s ' Sn
3 C y d -  /?., Sl2
-1 !),„■ T Sn
5 L , (  \[i Six
6 I J i i ,  R ( i i  ^ S'22
7 Ls Sl2
8 9m, T Su

Table 1.1: Sequence of steps required for optimizing FET circuit model ele
ments.
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4.7.1 Calculation of FET Equivalent Circuit Element 

Values Using nodal

Circuit, element optim ization was performed using nodal. As previously men

tioned, nodal is a valuable circuit simulation tool because it  takes advantage of 

Mathematical symbolic representation capabilities. To perform least-squares 

fitting  of simulated S-parameters to measured S-parameters, the following er

ror function £ was used:

k ^frequency point 

K  =  total number of frequency points

Sij =S-parameter value where i and j  are the port designations

Simulated circuit S-parameters were obtained using nodal’s SParameters 

function. Measured S-parameters were obtained using the IIP  8720ES network 

analyzer. The HP 8720ES outputs S-parameter data into .s2p file format, 

which can be read using nodal’s ReadSParameters function. Optim ization 

is done by minimizing e w ith Mathematical FindM inimum  function. 'Flic 

Find Minimum  function, given an equation and variables, attempts to find 

values for the variables that w ill minimize the equation. It  lias the capability of 

finding a minimum if  Mathematica does not have a way to find the derivative 

of the equation, as is the case with using output from nodal’s SParameters 

function. When finding local minima without derivatives, FindMinimum. uses 

Brent’s principal axis method, which consists of using searching vectors to 

find minima. The principal axis method requires two starting in itia l values 

and uses these values to define the magnitudes of the searching vectors [41]. 

This method of finding minima is not as reliable as those that use derivatives,

' i j k { s i t n  u tuted)' i jk (me(isure.d )

S i j k { m c a s u r c d )k — 1

(4.14)
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further stressing the importance of obtaining in itia l values tha t are close to a 

realistic solution.

Again, similar difficulties were encountered when dealing w ith  extrinsic 

resistances Rg, Rd and Rs. When set as variables, the iteration would converge 

to negative values for the smaller resistances. Because of this, the smallest 

extrinsic resistance R,i was set fixed at the value given by Agilent, which is 0.1 

0  [6]. As well, all intrinsic capacitances were set. fixed at Agilent specification 

values. These restrictions allowed the optimization procedure to converge upon 

the following solution for the ATF-34143 equivalent, circuit,:

Cm =0.004 pF 

Coul = 0.01 pF 

LfJ =1.26 n il 

Rg =1.99 n 

Ld =0.50 n il

/?(,=o.i n

L, = 0.21 n il 

/?, =0.44 n 

Cgs =0.80 pF 

Rga =0.90 n 

Cd3 =0.04 pF 

Rda =77.9 Q 

Cgd =0.16 pF

fjm = 0.100 siemens 

r  =  22.4 picoseconds

Figure 4.13 provides a flowchart detailing the circuit optim ization process. 

Twenty-six frequency points from 0.5 GHz to 10 GHz were used to obtain 

good agreement between measured S-paramcters and simulated S-parameters,
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NO
♦ e

YES

Print results

1. Set initial values for 
FET equivalent circuit

8. Repeat process with 
Ls and S12. 

Calculate £ .

3. Repeat process with 
Cds, Rds and S22. 
Calculate £ .

5. Repeat process with 
gm, T and S21. 
Calculate £ .

4.  Repeat process with 
Cgd, Rs and S12. 

Calculate £ ■

9. Repeat process with 
gm, T and S2I. 
Calculate £ .

6. Repeat process with 
Lg, Rg, Cin and SI 1. 

Calculate E .

7. Repeat process with 
Ld, Rd, Cout and S22. 

Calculate E w .

2. Set Cgs and Rgs as variables 
and simulate S-param eter SU. 

Fit simulated S ll  to measured S ll 
to find solution. 

Calculate £ ,. .

Figure 1.13: FET equivalent circuit optimization flowchart. s0 is the desired 
value of the sum of all the error functions.
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as shown in Figures 4.14 and 4.15. The 5 , | , 5 12 and S2\ error functions were 

minimixed to the order of 0.01 while the S22 error function was minimized to 

the order of 0.1. as shown in Table 4.2.

S-parameter Value of ( After Iterations

Su f =  0.011

5,2 f =  0.014
5’,, f =  0.021

522 r =  0.058

Table 4.2: Discrepancy between measured and simulated S-parameters.

j i.o
lOUHz

j0.5

,5 GHz
0.3 1.0

-j0.2

-j2.0
- j 0 . 5

- j l . 0

Figure 1.14: Smith Chart displaying measured reflection S-parameters (S’,, 
and Si2) of ATF-34143 and simulated FET equivalent circuit reflection S- 
paramoters from 0.5 GHz to 10 GHz. Measured values are shown by dotted 
lines and simulated values are shown by solid lines.
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LO

. .0,5
0.1 s2K

0.5 GHz,

10 GHz

Figure 4.15: Polar p lot displaying measured transmission S-parameters (S12 
and £’_>i) of ATF-34143 and simulated FET equivalent circuit transmission S- 
parameters from 0.5 GHz to 10 GHz. Measured values are shown by dotted 
lines and simulated values are shown by solid lines. It should be noted that 
the 52i data values have been reduced to 10% in order to keep 5i2 data visible.

4.8 Obtaining Noise Parameters from the FET 

Equivalent Circuit

Recall Pospieszalski’s ('(illations for determining FET noise parameters from 

the FET equivalent circuit in Section 4.4. Aside from a FET equivalent cir

cuit model, the equivalent noise temperatures of the intrinsic drain and gate 

resistances /?,/., and Rss are needed. Fortunately, Gupta et nl. [13] showed
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that equivalent gate temperature Tg can be set to the ambient temperature. 

In this ease, we are working at room temperatures so Tg ~  300 K. To estimate 

the drain equivalent temperature Y1,/, Pospieszalski’s method requires one noise 

measurement, at one frequency point.

4.8.1 Estimation of rJ)t

Although Pospieszalski’s method requires only one noise measurement at one 

frequency point, many points were used for a better estimation of Y1,/. The 

Agilent N8973A noise figure meter has an upper frequency lim it of 3 GHz, so 

a noise measurement Tmc(isural consisting of 100 frequency points from 0.5 GHz 

to 3 GHz was used (see Figure 4.16). The noise measurement setup involved 

placing a bias tee at the input and out put of the ATF-31143 p ilE M T  mounted 

on a microstrip fixture so that the p IIEM T could be biased at 3 V and 20 mA 

during measurement. To remove the effects of the bias tees and fixture, bias 

tee and fixture S21 parameters from 0.5 GHz to 3 GHz were entered into loss 

tables stored in the noise figure; meter. During measurement., the NS973A noise 

meter automatically calibrates out. the effects caused by lossy objects placed 

at the input and output of the device under test (DUT) by using the data 

stored in its loss tables.

Upon obtaining a noise measurement of the ATF-34143, known circuit 

element values were substituted into Equations 4.9 to 4.12 as well as setting 

Tg =  300 K, leaving T,i as the lone variable. Noise parameters obtained from 

Equations 4.9 to 4.12 were then substituted into the equation for determining 

noise temperature T  (Equation 4.7 with Zg — Rg =  50 fi) .  This represents 

the simulated noise temperature Y’, o f  the transistor. Again, the least 

squares method was used to determine the discrepancy between measured and 

simulated results:
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£  =
1

T  -

k =  l

rr  7’1 (measured)!*  " "  1 ( .s imu iu tvd)k (1.15)
'f'(mrriMirn/)t1

By using Mathematica’s FindMinimum  function. wns calculated to he 

927 K, w ith c being <*c|uivahmt. to 0.01. Although the noise measurement was 

repeatable with more than one transistor (displaying consistency in transistor 

performance), it should be noted that at lower frequencies (•: 1 GHz), higher 

noise than expected was present. A possible cause of this is 1 /f noise, which 

occurs at low frequencies.

Noise Figure vs. Frequency

1.4

= •  1.2tt
■o
r  1
| ° 8
f*4 «, 0.6 
u
o 0.4 
2

0.2

• Measured NF
• Simulated NF

• «•

0.5 1 1.5 2

Frequency (GHz)
2.5

Figure 4.10: Measured and simulated noise figure from 0.5 GHz to 3 GHz used 
to estimate equivalent drain temperature Tj.

4.8.2 Intrinsic Noise Parameter Calculation

Using the FET equivalent circuit and calculated equivalent drain temperature 

Tj, l ’ospieszalski’s equations (Equations 4.9 to 4.12) wen1 used to calculate the 

noise parameters of the intrinsic FET:
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y;,i,„ 7.5K or N F , .... - 0.1 ld B

157Z()5° or I 0.77Z32"

4.8.3 Total FET Equivalent Circuit Noise Parameter 

Calculation

Kecall that Pospieszalski’s model does not include extrinsic circuit elements. 

To account for extrinsics. nodal was used to simulate noise parameters of the 

total FB I' equivalent circuit model. Nodal has a noise 1 1 incorporated into 

its MESFET  circuit element function, which can be altered to fit Pospieszal- 

ski’s noise 1 1 Nodal's MBS FET circuit element is modelled as shown in 

Figure 1.17.

GATE C*f DRAINo— .-----------   ,-------,-------- 1— o

r"LwvE Z E ]
SOURCE

Figure 1.17: Nodal's MESFET model.

By default, the MESFET  function uses the Pucci noise model, which has 

three frequency-independent, noise: coefficients P, R and C  [40]. Also, R,JS has 

a temperature that can be set 1 ■ R,ls does not. To alter the MESFET  

function's noise model so that it  coincides with Pospieszalski's, all Pucel noise:
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parameters P, R  and C were set to zero and R!IS was set at equivalent gate 

temperature Tg. To eliminate R,^. it  was set as an open circuit and an external 

resistor was added to represent the new R,is whose temperature was set to the 

equivalent drain temperature T,;. Extrinsics such as C tn, Cout, Lu, L,i- L s. R(J, 

R,i and Rs were also added externally to complete the total FET equivalent 

circuit.

Using nodal’s NoisePammeters function, the noise parameters of the tota l 

FET equivalent circuit were calculated:

Tmin =  16K or N F min =  0.23dB 

Zopl =  153Z17° or r o/rt =  0.G5Z280

Rn = e. in

The effect, of including extrinsics in the noise model is significant: Tmm 

and /?,, increase while the phase and magnitude of Zopt are altered. Agilent 

specifications offer measured noise parameters from 2 GHz to 10 GHz. Noise 

parameters below 2 GHz are a result of extrapolation by Agilent. For present 

purposes, the most relevant set of noise parameters are the ones extrapolated to 

1.5 GHz. A comparison between Agilent specifications, Fospieszalski's model 

and the nodal calculation noise parameters is displayed in Table 4.3.
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Noise Param e
te r

Pospieszalski 
(1.42 G H z)

noda l
(1.42 G H z)

A g ile n t 
(1.5 G H z)

N F min(d B) 0.11 0.23 0.14
|ropf| 0.77 0.65 0.77
l r  opt 32° 28° 48°

' '* r.n 0.09 0.12 0.11

Table 4.3: Comparison between specified and calculated noise parameters.

When plotted on the Smith Chart, r o;)/ values appear relatively close, dis

playing a consistency between the models and extrapolation:

jl.O

j0.5 j2.0

Agilent

os]
calc.

3.00.3 1.0)0.0 I

-j0.2

-j0.5

-jl.O

Figure 4.18: Calculated and specified r op( values displayed on the Smith Chart. 
The shaded area represents the estimated accuracy of ro,,(.

The Agilent specification sheet also gives an extrapolated value of F,,,,/ = 

0.84Z310 at 1 GHz, which can be used as a upper lim it for the magnitude of 

Fojtt. A t frequencies below 9 GHz, the magnitude of r opf decreases as frequency 

increases [6]. Taking the nodal calculated optimum reflection coefficient at 1.42
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GHz and Agilent extrapolated values at 1 GHz and 1.5 GHz into account, an 

estimate of the optimum reflection coefficient, at 1.42 GHz can be given with 

the following accuracy: To;j( =  (0.7 ±  0.1)Z(30° ±  10°). According to Table 

4.3, the accuracy of the normalized equivalent noise resistance can be given as 

r n — 0.1 ±0.05. There is significant, discrepancy between the nodal calculated 

minimum noise figure and the Pospieszalski calculated minimum noise figure 

due to the added noise from the extrinsics in the total FET equivalent model 

used in nodal Judging from the nodal simulation, the minimum noise figure 

NI'min ('al> be estimated to be in the 0.2 dB range, but it, w ill be shown later in 

Chapter 5 that, circuit, losses add at. least a few tent hs of a dB to noise figure, 

and that the achievable is actually more on the order of 0.4 dB.
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Chapter 5

Design of Low Noise Amplifiers 

(LNAs) With Coaxial 

Connectors and Probe LNAs for 

the Synthesis Telescope

T his chapter consists of three main sections. Tin* first covers concepts in LNA 

design which provide necessary background for discussing the two types of 

amplifiers built for this project. The two types of amplifiers are the LNA w ith 

coaxial connectors and the probe LNA, which In us a waveguide probe directly 

integrated w ith the LNA circuit. The second section discusses LNA design w ith 

the Agilent ATF-iM M3 p IIE M T  and the last section discusses integrating the 

waveguide probe w ith the ATF-.MM.f the Mark 1 probe LNA design.

Section 5.1 covers criteria that one must consider when designing an LNA. 

Aside from low noise figure, properties such as stability, gain and input return 

loss are also very important.. Designing for low input return loss applies to 

the design of an LNA with coaxial connectors, which requires transforming
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the standard 50 Q characteristic impedance of coaxial transmission line to a 

transistor’s optimum impedance, Zu,,t, for lowest noise. The input return loss 

of the probe LNA design cannot be directly measured because the input of the 

LNA circuit is integrated w ith a waveguide probe.

Although the in itia l goal of this project was to improve upon the design of 

the Mark 1 probe LNA, i t  was decided that an LNA w ith  coaxial connectors 

should be designed and bu ilt as an intermediate1 step, as w ill be discussed in 

Section 5.2. Since the Synthesis radio telescope; is already configured for LNAs 

w ith coaxial connectors, installation into tin; waveguide; feeds for testing would 

be easier. As well, a design w ith coaxial connectors makes measurement and 

testing simple and straightforward. Characteristics of the probe LNA such 

as its noise figure are more challenging to measure because the waveguide 

probe at the input prevents direct connection to the LNA input w ith test 

instruments. Furthermore, installing probe LNAs into the waveguide feeds of 

the Synthesis telescope would require more effort, than installing LNAs w ith 

coaxial connectors. For instance, removal of the original waveguide-to-coaxial 

transitions of the Synthesis Telescope feed antennas would be necessary to 

install probe LNAs. Thus work on the Mark 1 was reserved for the final stage 

of this project and is discussed in Section 5.3.

5.1 LNA Design Concepts

5.1.1 Impedance Matching for Lowest Noise

Two of the most important, noise parameters of a transistor are the real and 

imaginary parts of the optimum impedance Z„v,. which is the impedance pre

sented to the input of the transistor which is required to obtain its lowest noise 

performance. When designing an LNA with coaxial connectors, the most, im-
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portant impedance matching consists of transforming the 50 D coaxial cable 

input to Zopl by building a matching network. In an ideal world, the matching 

network is lossless (i.e. non-resistive) and constructed with ideal capacitors, 

inductors, or transmission lines. To add resistances would introduce additional 

noise. In the real world, inductors, capacitors and even the circuit board itself 

introduce small parasitic losses and add to the noise figure of the LNA. There

fore it is very important tha t the lowest loss components are selected. Also, 

parasitics are not only composed of resistances but of small inductances and 

capacitances as well. While insignificant, at lower frequencies, these parasitics 

need to be accounted for as frequency increases. I t  must be ensured that the 

LNA frequency of operation is within the frequency range that the components 

are specifically designed for.

The mapping of resistances, reactances, admittances and susceptances on 

the Smith Chart has been discussed in Section 2.2.2. To create a matching net

work, a given input impedance is transformed into a desired output impedance 

by the use of circuit components. When added in series (parallel), resistors 

increase resistance (conductance), inductors add positive reactance (negative 

susceptance), and capacitors add negative reactance (positive suseeptance). 

Adding a length of transmission line causes movement along a circle centered 

on the point on the Smith Chart, corresponding to the transmission line's char

acteristic impedance.

A matching network can be as simple as a series inductor that, translates 

the impedance seen by the transistor from the center of the Smit h Chart (50 Vt) 

along a constant resistance curve, making it  closer to Zopl as shown in Figure 

5.1. However, one must consider the DC biasing of the transistor, where DC 

voltages are applied to the gate and drain to keep the transistor in the desired 

state of operation. For instance, to direct the DC voltage specifically to the
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gate, a blocking capacitor at the input of the LNA is needed to keep the 

DC signal from leaking into the generator. A blocking capacitor acts as an 

open circuit at low frequencies and as a short circuit at high frequencies. To 

keep the RF signal from leaking into the biasing circuit, an RF choke is used 

(refer to Section 5.1.5 for further discussion on the biasing circuit used in this 

project). An RF choke is an inductance that acts as an open circuit at high 

frequencies and as a short circuit at low frequencies. For instance, the initia l 

configuration at the input of the LNA design was composed of a 0.7 pF DC 

block, a 50 n il RF choke and a 35.5 n il series inductor. Refer to Figure 5.2 

for the schematic of the in itia l input matching network design and its visual 

interpretation on the Smith Chart. To provide further isolation between the 

LNA circuit and the biasing circuit, RF bypass capacitors were added. An RF 

bypass capacitor acts like a short circuit at high frequencies. As well, a 50 D 

resistor was added after the RF choke to improve stability at lower frequencies. 

The stabilizing resistor forces Zs to be closer to the center of the Smith Chart 

at lower frequencies.

The in itia l configuration of the input matching network design appears 

sufficient in getting Zs closer to Z„pt. As w ill be discussed later in Section 5.2.4, 

however, the input matching network needs to be modelled more thoroughly 

during the design process. Not only do the values of inductors, capacitances 

and resistances need to be considered, but so do the widths and lengths of 

conducting traces of mierostrip between the components. As well, the number 

of tuning elements can greatly complicate the building and testing of a working 

LNA. When dealing with fine-tuning the LNA in order to achieve lowest noise, 

it  helps to rely on fewer tuning elements in the input matching network. A 

better matching network would be one composed of a large DC block and 

large RF choke. This way, there is good isolation between the LNA circuit
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Figure 5.1: a) A matching network consisting of series inductor L. b) Move
ment o f Zs on Smith Chart w ith  increasing L. I',iptvalues shown are from Table 
l.:i.
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Figure 5.2: a) In itia l configuration of the input matching network design for 
the LNA w ith coaxial connectors, b) Smith Chart interpretation of the input 
matching network design. The value of Z0 for which the Smith Chart is drawn 
is 50 i l.
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Figure1 5.3: A bettor input matching network.

and the biasing circuit and Zs remains close to the center of the Smith Chart 

until tuning elements are added. As well, restricting the number of bypass 

capacitors to just a single large capacitance placed before the biasing circuit 

greatly improves stability (refer to Section 5.2.3). Figure 5.3 summarizes a 

more practical and straightforward input matching network.

Aside from low noise figure and high gain, an LNA must be stable. When an 

amplifier is unconditionally stable, no oscillations will occur no matter what 

source and load reflection coefficients Fs and F/. are presented. Input and 

output reflection coefficients F /iV and Vorrr respectively depend on load and 

source reflection coefficients F/y and F.  ̂ as follows [7]:

5.1.2 Stability

(5.1)
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Tw o-port
network

Figure 5.4: Two port network and associated reflection coefficients.

(5.2)

where all reflection coefficients are as shown in Figure 5.4.

Oscillation occurs when there is positive feedback at the input or output 

of the amplifier, which is also represented its an input or output reflection 

coefficient w ith a magnitude greater than one ( |T/ | > 1 or |F0(;r| > 1 ).

A check for unconditional stability can be made when the S-parameters of 

an amplifier are known. S tability factor k is defined as the following [7]:

2|Si2||5’2l|
(5.3)

where

A  — SUST2 — *S'i2*S,2i - (5.4)

For unconditional stability.

k > 1.
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and

| A | <  I

At 1.12 (III/.. tin* ATF-3 Ill.'J has the following measured S-parameters 

(refer to Chapter 3 lor further detail about the ‘ 1 ' , ■ used in S-parameter 

measurement):

.S’, | 0.772 l»7

St , 0.0S2W

.S’ ., =  1.7.: 1 IS

s-u = 0.272 -  nr

Suhstitutin” tin* above S-parameters into liquations 5.3 and 5.1 results in

a stability factor f: o f 0. IS and |A| =  0.32. which means the ATF-31M3 is

not unconditionallv stable and that there are possible values of F.s- and/or F/, 

that w ill cause (For/'I and/or |F/.v| to be greater than 1. These values can be 

determined by investigating the areas of stability on the Smith Chart in the 

r.s-plaiie and F/,-plane.

Arejus of stability on tin* Smith Chart can be determined w ith stability 

circle's, circles where values of F.s- anti F/. respectively cause |F<}//-/• | and |T/ ,v| 

to be equal to 1. The Smith Chart itself encompasses an area in the T-plane 

where |F| < I. Since the transistor is not unconditionally stable, there w ill be 

areas on the Smith Chart that overlap with areas of the stability circle in the 

IV p lane  and/or F/.-plane. II |S'n| < 1 and |6%.«| < 1, the stable regions are the 

regions that, contain F.s- = 0 and F/, =  0 (the centers of each Smith Chart) and 

are bounded by the Smith Chart boundary and stability circle. The following

IOC
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art! tilt1 equations for the radius r t, and cent,or C-i of the output stability circle 

where values of 1'/, cause |P /;v| to be equal to 1 [7].

SyiS-i\
|5M|2 - | A | *

Cl ( S n - A S ; ^
I W  -  |A|*

Similarly for t lit* F.s-plane. the radius r -S- and center C.s- of the input stability 

circle art* defined as follows [71:

i's
Sv>S.12021

l* W |A|2

Cs =
{su -  As.:.,y
|S„|a-|A|*

Figure r,.r> demonstrates how the overlap of the stability circles with the Smith 

Chart indicates unstable regions of the Smith Chart if  both |Su| and |S22| arc 

less than 1. When an amplifier is unconditionally stable, the stability circles 

lie completely outside the Smith Chart area.

Using tin* S-parameters of the ATF-31bid at 1.12 CIHz, its stab ility  circles 

can he calculated and mapped out (see Figure 5.0) with radii and centers

r,, =  12.06

Ci =  11.5/ — 72.2°

rs =  0.77

C.s* =  1.58/73.5°.
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Stable area 
containing Zs =Z0

(b)

Figure 5.5: S tability circles and unstable regions in the Smith Chart, a) The 
output stability circle in the T/,-plane, b) The input stability circle in the 
IVpbine.
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Figure 5.6: Stability circles of the ATF-34143 at. 1.42 GHz. a) The input, 
s tab ility  circle. The values for r opt are taken from Table 4.3. b) The output 
s tab ility  circle.
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The? area where values of F.y cause t ransistor noise to bo lowest (calculated 

r oj)f values) is stable and therefore designing an LXA  for lowest noise is viable.

Additional measures to improve stability can be taken. Adding resistance! 

to the drain of a transistor as well as a small slnmt capacitance can provide 

stability at higher frequencies [42|. H.xlra inductance added in the source leads 

of a transistor also improves stability while improving input return loss (see 

Section 5.1.1).

5.1.3 Gain

As mentioned in Section 1.9, gain of at least 30 dB or greater is required for a 

Synthesis Telescope front-end LXA so that the noise of the subsequent stages 

w ill be sullieiently reduced by the gain of the lirst stage. Because the ATF- 

311-13 is a potentially unstable transistor, the value for maximum stable gain 

s! ' '  be used as a figure of merit. Maximum stable gain depends on the 

forward and reverse transmission S-para meters [7]:

r  l-^ i I
t'.W.sY;

In the case of the ATF-34143, the maximum stable gain at 1.42 GHz is 17.7 

dB. Therefore, an LXA requires at least two t ransistor stages for sullieient gain 

as a Synthesis Telescope front-end.

5.1.4 Input Return Loss

Input return loss indicates the mismatch between the input impedance of an 

amplifier and the characteristic impedance of the transmission line at its input 

by acting as a measure of the amount of power reflected back when an input 

signal is injected into the input of the amplifier through the transmission line.

I l l )
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The input return loss value can he expressed in terms of the measured S- 

parametcr .S’n:

Input Return Loss =  -.8 j|(d B ) =  - 2 0 log |5u|.

Similarly, output return loss is represented by S-parameter S22'

Output Return Loss =  --SV>(dB) =  — 20 lo " | S221 -

Input return loss is o f more concern than output return loss, however, because 

too big a mismatch at 1 hi' input of the LNA can lead to degradation in noise 

performance. During tin* ionise of this project, commercial amplifiers were 

purchased and measured with the NN973A noise meter to have excellent noise 

temperatures of under 20 K (<  0.3 (IB). However, once the commercial ampli

fiers were installed on one of the Synthesis Telescope' dishes for testing, system 

noise temperatures were considerably higher than anticipated, and some am- 

plilieis were unstable when connected to the waveguide feed. These problems 

mav be attributed to the extremely poor input return losses of the amplifiers: 

measured input return loss for the commercial amplifiers averaged only 0.5 dB, 

which is equivalent to 89% of the input power being reflected back from the 

input of the LNA.

When then* is absolutely no mismatch between the input of the LNA and 

the transmission line, no reflections occur and the input return loss is infinite. 

Maximum power transfer from the source to the input of the LNA is achieved.

In actuality there w ill always be some loss even input return losses 011 the 

order of 5 dB (about 70% of the input power is absorbed by the input of the 

LNA) are acceptable. As previously mentioned in Section 4.1, maximum power 

transfer occurs when the impedance of the power source and the impedance of
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the load are conjugates of each other. In general, the source impedance is equal 

to the standard value for coaxial transmission line characteristic impedance: 

50 fi. Therefore maximizing transmission of signal from the source to the LNA 

input requires building an input matching network that transforms 50 f l to the 

conjugate of the input impedance of the transistor, Z*n. One cannot, design for 

maximum power transfer and lowest noise simultaneously because generally 

Zopt Z in and designing for lowest noise involves building an input matching 

network that transforms the source impedance of 50 51 to Zs =  Zopt instead of

zs = z;n-

A way to improve the input return loss of an LNA while maintaining good 

noise performance consists of adding extra series inductance at the source 

terminal of the transistor. Inductance L , at the source terminal provides 

feedback to the input impedance of the transistor by adding to the real 

part of the intrinsic c ircu it’s Zin and adding (svL s -  to the imaginary 

part of Z in w ithout changing Zopt significantly [8]. On the Smith Chart. Z s =  

Z ’n moves closer to Zs =  Zopt w ith increasing source inductance. Figure 5.7 

demonstrates the effect of increasing source inductance on the input impedance 

of the NEC 34108 FET.

There is a lim it to the amount of source inductance that can be added. 

Excessive source inductance can lead to LNA oscillations because of gain peaks 

at higher frequencies. For the ATF-34143, source inductances on the order of 

a few tenths of a n il to a few n il are sufficient [3'2],

5.1.5 DC Biasing

For this project, the S-parameters and resulting transistor noise model were 

obtained for the ATF-34143 biased w ith a drain voltage of 3 V  and a drain 

current of 20 niA (recommended by Agilent [G]). In order to maintain these
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Figure 5.7: The dependency of Z*n on increasing values of source inductance 
L s. for the NEC 34018 FET [8],

biasing conditions during LNA operation, a biasing circuit was selected based 

on the design used in GaAs FET LNAs designed by A1 Ward w ith  modification 

instructions provided by Paul Wade [43]. The design is an active biasing circuit 

that sets the gate voltage at a value required to maintain the desired transistor 

drain voltage and current for each stage of the LNA. This is accomplished using 

the 2N2907 transistor as a feedback amplifier. Refer to Figure 5.8 for the active 

biasing circuit schematic.

Resistor l l \  sets the desired drain current while resistors /?s and set the 

desired drain voltage. To calculate values for the resistors {R \— 40.2 if ,  /?5=  

412 i l  and /?«= 1000 Q), the following equations are used [43].

' d r a i n (0.G5 V)
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A National Semiconductor LM317L voltage regulator is used to convert the 

positive power supply voltage of 15 V  to 5 V. When the LM317L is configured 

as shown in Figure 5.8, Equation 5.5 can be used to  calculate values for R ia 

and 7?n (/?io= 221 f i  and /?n=  555 12) [44]:

V o u tp u t  =  1.25(1 +  (5.5)
i f  to

The 2N2222 transistor connected to the voltage regulator is a safety shutdown 

feature of the biasing circuit. I f  negative voltage is lost, the 2N2222 transistor 

forces the voltage regulator to output its minimum value of 1.2 V, causing 

power dissipation in the LNA transistors to be low enough to prevent damage. 

The 2N2222 transistor detects loss of negative voltage through a 5.1 V Zener 

diode connected to its base.

Table 5.1 is a list of components used to construct the biasing circuit used 

for both the LNA design w ith coaxial connectors and the probe LNA design.
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C om ponent M a n u fa c tu re r M o de l

Capacitors AVX X7R. Dielectric 
(120(i5C)

Resistors Panasonic Precision Thick Film 
Resistors (0603)

2N2222 Transistors Fairchild Semiconductor MMBT2222A
2N2907 Transistors Fairchild Semiconductor MMBT2907A
Zener diodes Diodes Inc. SMAZ5V1
LM317 Voltage Reg
ulators

Nat ional Semiconductor LM317L (TO-92 
packag*1)

Circuit board GIL Technologies G.ML 1000

Table 5.1: List of components for the LNA biasing circuit.

The components were mounted on the same type of circuit board as the LNA 

GIL Technologies CLML 1000 high frequency laminate (refer to Section 5.2.5).

5.2 LNA Design W ith Coaxial Connectors

5.2.1 Initial LNA Configuration

To meet the 30 d ll minimum gain requirement of a Synthesis Telescope front- 

end receiver, the1 LNA design w ith  coaxial connectors consists of two stages 

o f amplification using two ATF-31M3 transistors. In the in itia l design, three 

matching networks were included to optimize the first, stage for low noise and 

the second stag*' for a compromise between low noise and high gain. Located 

between the LNA input and the input of the first transistor, the input matching 

network transforms 50 0  to Z„fl( as demonstrated in Figure 5.2. The resulting 

output impedance %„„n of the first transistor, which is directly related to its 

output reflection coefficient F,,,,^! «-*an be calculated with Equation 5.2.

Located between the output o f the first transistor and the input o f the sec

ond transistor, the interstage matching network presents the output impedance 

of the first transistor wit h its conjugate Z*ull in order to maximize power t rans-
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mission. The interstage matching network transforms Zmi,\ to an impedance 

Zopt which is presented to the input of the second transistor for lower noise.

?Jopt ^ o u t l  % o u tl / 'a p t  ^ o u lZ  ^ o u t2

1  
son

r  r  r *  r i' r*1 opt oittl outl ‘ opt out2 out2

Figure 5.9: Matching networks for a two-stage LNA.

Finally, the output matching network transforms the output impedance 

of the second transistor Z(mVi closer to the characteristic transmission line 

impedance 50 i l  in order to m inim i’/e reflections when the output, of the LNA 

is connected to a coaxial cable. A series resistance of 10 f f  and a small shunt 

capacitance of 1 pF were added to the drain of the second transist or to improve 

stability at higher frequencies (see Section 5.1.2). Small lengths of inductive 

transmission line wore added to the source leads to improve input return loss 

and stability (refer to Sections 5.1.2 and 5.1.1). The ATF-34143 is packaged 

so that there are two source leads. Specifically, approximately 1.6 nH of extra 

inductance was added to each lead. Each lead is grounded with a via that has 

an inductance of approximately 0.4 n il. The source leads are in parallel and the 

total source inductance of each transistor is approximately 1 nH. Transmission 

line inductances and via inductances were calculated w ith iw dn l’s Inductance 

function.

Nodal was used to simulate the performance of the LNA and the resulting 

simulated noise figure was 0.3 (IB (20 K). The 30 dB minimum gain requirement, 

was satisfied, input and output return losses were on the order of 10 dB and 

the stability K factor was greater than 1 up to frequencies on the order of
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10 GHz. However, when the LNA design was physically realized, the noise 

measurements were unsatisfactory, w ith noise figures on the order of 1 dB. 

There were also problems w ith  oscillations. A fter much tria l and error via 

replacement and shifting of components especially at the input of the first 

stage, a noise figure of 0.4 dB (30 K) was finally achieved.

5.2.2 Final LNA Configuration

The final schematic of the LNA with coaxial connectors is shown in Figure 

5.10. Note the pieces of transmission line in the schematic. During the pro

cess of fine-tuning the circuit, in order to obtain low noisc-figure, several com

ponents were removed from the circuit to simplify the circuit. After certain 

components were removed, all that remained were microstrip traces of their 

landing patterns. These microstrip traces are included in the final configura

tion schematic. In Figure 5.11. the impedance presented to the input of the 

first transistor by the input matching network is shown on the Smith Chart. 

The LNA circuit, is shown in Figure 5.14.

During troubleshooting, the LNA circuit was reduced to only the com

ponents necessary for connection to the biasing circuit. These components 

included the DC blocks (located at the input, between the first stage and the 

second stage, and at the output ). RF bypass capacitors and RF chokes. Fur

ther, the DC blocks and RF chokes were constrained to values that did not 

cause large shifts in impedance - in other words, they ceased to function as 

tuning elements. Finally, a series inductor was inserted at the input, and its 

value varied until the lowest noise figure was achieved. A noise figure value 

of 0.4 dB was obtained w ith  a series inductor of 7.15 n il. Other performance 

specifications of the coaxial LNA at. 1.12 GHz are as follows:

•  Gain: 30 dB
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•  Input return loss: 7 dB

•  Output return loss: 10 dB
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Figure 5.10: Schematic for the LNA with coaxial connectors.
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calc,

3.00.3

Figure 5.11: Impedance Zs s i t u  by the input of the first transistor in the LNA 
using 1 lie schematic in Figure 5.10. Using nodal, Zs =  03 4- jS 3iL The other 
three values are Z,)pl v, taken from Table -1.3.

5.2.3 Dealing With Low Frequency Oscillations

Note that there is only one bypass capacitor in the input matching network 

unlike the in itia l configuration, where two bypass capacitors were used in the 

input matching network as shown in Figure 5.2. The in itia l configuration 

resulted in lower frequency oscillations (on the order o f 100 MHz) that were 

eliminated with the removal of the 100 pF bypass capacitor in the input match

ing network. The removal of the 100 pF bypass capacitor allows the input of 

the transistor to see an impedance closer to the centre of the Smith Chart (50 

f l)  at lower frequencies, keeping the transistor stable (see Figure 5.12).
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H ■o

50 n

to b iasing  
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Figure 5.12: Input matching network w ith stabilizing resistor.

5.2.4 Better Circuit Simulation

Why didn’t the in itia l configuration work despite the good simulation results 

for noise figure? The circuit model that was used in the in itia l simulation 

was too simple especially at the input of the first transistor, on which 

LNA noise figure is most, dependent. Extra traces of microstrip need to be 

included in the simulation schematic. The landing patterns that, were used 

for the components were too large, although they are the landing patterns 

recommended in the component specification sheets. I t  was later discovered 

that the component models given on the specification sheets do not include 

landing pattern effects. It  is up to the circuit designer to include these effects 

in circuit simulation. Figure 5.13 displays the simulated and measured results 

for the final LNA configuration. Although generally in good agreement, the 

simulated data is “smoother” and varies slightly from the measured data and 

this may be attributed to parasitics in the actual circuit that are not accounted 

for in the simulation c ircu it schematic.
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Figure 5.13: a) Simulated and measured noise figure of the LNA w ith coaxial 
connectors, b) Simulated and measured input return loss of the LN A  with 
coaxial connectors, c) Simulated and measured output return loss of the LNA 
w ith coaxial connectors, d) Simulated and measured gain of the LN A  with 
coaxial connectors. \22
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5.2.5 Low Loss Components

Note the difference of approximately 0.1 (IB between the simulated and mea

sured noise figure in Figure 5.Fla. The figure of 0.1 dB is reasonable: At 2 

GHz, Agilent, suggests adding 0.20 dB to the theoretical minimum noise fig

ure for its ATF-3G077 p lIH M T  due to circuit losses [45]. Recall from Section 

4.8.3 that the calculated minimum noise figure for the ATF-34143 was 11.23 

dB. Nodal simulation of the LNA circuit noise figure results in 0.3 dB noise 

figure due to noise from additional resistors in the schematic, which leaves 0.1 

dB tha t can be attributed to additional losses in the circuit components and 

circuit board.

The 0.1 dB disparity between the measured and simulated noise figure 

of the LNA would surely be higher if  lower quality components were used. A 

major part of the LNA design process was the investigation of commercial high- 

quality components. For inductors and capacitors, Q factor is an indicator of 

loss, being the ratio of reactance to the equivalent scries resistance (HSR) in 

the component at a given frequency. Ideally, an inductor or a capacitor would 

be lossless and have a Q factor of infinity. In the real world, the most one can 

do is find components w ith higher Q values.

where

X  =  ujL (inductor)

X  =  —p̂  (capacitor)
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Another important component property to consider is the self resonant 

frequency (SRF), the frequency at which the capacitive part and inductive 

part of the component become equal and cancel each other out (ie. u L  — uC ). 

X  becomes zero and the component ceases to act like a capacitor or inductor. 

The operating frequency of a component should be below its SRF.

Air-core wire inductors such as those offered by Coilcraft offer minimum Q 

values on the order of 100 with very low maximum ESR values on the order of 

0.001 f i. Capacitors tend to have higher ESR values than inductors because 

they contain dielectric material that introduces additional losses. In itia lly , 

ultra-low ESR American Technical Ceramics (ATC) capacitors w ith average 

ESR values of approximately 0.1 i l  were used for the LNAs [46]. Later in the 

duration of this project, however, even lower ESR capacitors were offered by 

Dielectric Laboratories (DLI), having average values of 0.06 D at 2 GHz [47]. 

Replacing the ATC capacitors with the lower loss DLI capacitors lowered noise 

figure by approximately 0.05 dB. However, DLI did not offer ultra-low ESR 

capacitors w ith values as high as 1000 pF so ATC 100 B Series capacitors were 

kept as 1000 pF bypass capacitors.

The circuit board is composed of 0.030” thick GML 1000 substrate p ro  

duced by G IL Technologies. GML 1000 offers a good compromise between low 

loss and cost, making it ideal material for building prototype circuits. A t 1 

GHz, G M L 1000 has a loss of 0.029 dB/ineh. This can be compared to the 

1104003 low-loss substrate that was used for the S-parameter tost fixtures (re

fer to Section 3.1), which is more expensive and has a loss at 1 GHz of 0.018 

dB/ineh [10].
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C om ponen t M a n u fa c tu re r M ode l Loss

Resistors Panasonic Precision 
Thick Film  
Resistors 
(0003)

N /A

Capacitors DLI C06UL ESR -  0.06 n 
at 2 GHz

1000 pF bypass 
capacitors

ATC 100 B ESR = 0.1 f i 
at 1 GHz

Inductors Coilcraft Midi, M ini 
and Micro 
Spring Aii- 
Core’

Maximum 
ESR values 
on the order
of 0.001 n

Circuit, board GIL Technologies GML 1000 0.029 dB/inch

’ The RF choke at the drain of the first stage transistor is a GS nH Coilcraft 0603CS inductor 
due to size restrictions in the original LNA circuit hoard design.

Table 5.2: Components used for the LNA w ith coaxial connectors.
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Figure 5.14; LNA with coaxial connectors.
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5.3 Probe LNA Design » the Mark 1

T h r Mark I design is centered mi tin* concept nf a waveguide |»r<»l>(> con

nected i l in r i iv  in  the input of the ATF-TI1 l.'l transistor. Coaxial connection 

lossrs ate eliminated by removing th r coaxial cable connection between an

tenna and I.NA, bosses can be further reduced if  the probe presents the opti

mum impedance required by the transistor because fewer components are 

requited fui t lining input impedance of die tt .insist or in order to obtain lowest 

noise.

The piobe is a triangular tnicrostrip trace which tapers down to the width 

of the’ gale lead o f the transistor packaging T h r dimensions of the probe 

wi re deieim incij bv Ih'uce Void!, who used puwedul elect lomagnetie simula

tion software* called M irrostnpts  to ensure that the probe* would present an 

impedance close to of the A T F -T ll Id at 1.12 ( I I I /  when placed in the 

waveguide fm l.  I rsinj» the probe* design. Annic-Claude LaC’hapelle designed 

and constructed the Mark 1 - a single-Mage I.NA |2Nj. Further development 

is re<|uited: tin* Mark I provides gain of approximately 15 dB. which is not 

sullieient for a Synthesis Telescope front-end. Also, the bias line's of the Mark 

1 could be belter decoupled from the main I.NA circuit.

To imrea>e probe LNA gain. an attempt at a two-stage probe* LNA was 

made - the* M aik 2. Unfortunately, there were problems with oscillations and 

a low noise* figure was not achieved. The original design of the Mark 1 was 

improved, however, by incorporating the power supply design used in the LNA 

with coaxial eonin*ctors (see Section 5.1.5) ms well as replacing components 

with lower loss versions. Tin* noise ligme of l lu* Mark 1 wj i s  reduced to the 

same performance as the LNA with coaxial cotmcc tors when placed in the test 

waveguide w ith a waveguide-to-coaxial transition. Further improvements can 

be made on the probe LNA design and are described at the end o f this section.
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0.500"

L = 1.840"

Fi^iin* 5.15: Dimensions of the probe for Mark 1 [28].

5.3.1 Measured Impedance of the Probe

The impedance of t lie waveguide probe was measured using Short-Open-Load- 

Thru (SOL'I') Calibration. SOLT Calibration is similar to TRL Calibration as 

described in Section 3.1. w ith the exception of short, open and load (50 tt)  test 

lixtitres being used for reference tim ing measurements instead of reflect and line 

fixtures. Unlike the case of S-Parameter measurement, in this situation a 50 tt 

load is not difficult to realize because we are working at a single frequency of 

1.42 GHz as opposed to a wide band of 0.5 - 10 GHz. To simulate the waveguide 

feed in each Synthesis Telescope dish, tlit ' probe was placed in a piece of 

waveguide tim ing measurements. The measured probe reflection coefficient 

r,,nifH was found to be 0.71Z63° in the waveguide at 1.42 GHz. Figure 5.16 

displays F/ir,^ relative to r„;), values.

5.3.2 Mark 1 LNA Design

As stated previously, the waveguide probe is directly connected to the input 

of the ATF-34143 transistor. Additional components at the input of the tran

sistor provide a connection to the power supply circuit and allow biasing of 

the transistor gate. The connection to the power supply circuit is composed 

of a thin piece of transmission line, a 15 nH chip inductor, a bypass capacitor 

and a stabilizing 91 t t  resistor (refer to Section 5.2.3) as shown in Figure 5.17.
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Figure 5.1G: Input impedance of the probe inside the waveguide. The Smith 
Chart is normalized to 50 i l  and the three other impedance values are ro;), 
values taken from Table 4.3.

The power supply connection at the drain o f the transistor is of similar config

uration. It should be noted that the schematic does not include the presence 

of ferrite beads at the power supply connections, which were removed to lower 

noise figure (see Section 5.3.-1).

Knowing the impedance of the waveguide probe at 1.42 GHz and taking 

the additional components at the input into account, the impedance presented 

at. the input of the transistor at 1.42 GHz can be calculated using nodal. Be

cause there are no tuning elements in the input circuit, the resulting reflection 

coefficient presented at the input of the transistor Ts is s till quite close to the 

probe impedance as is shown in Figure 5.18.
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Probe
input T2 15 nH 91 a

ATF-34143
s •—C

47 pF
47 pF

To power 
supply

T3
D—°

T2

15 nH  qi 0
To power 

]-#-i 0 0 —  supply

47 pF

T1 = microstrip line o f w idth 0.010" and length 0.050" 
T2 = microstrip line o f w idth 0.010" and length 0.350" 
T3 = 50 i l  m icrostrip line LN A  output

•’igure 5.17: Mark 1 LNA schematic.

jl.O

j2.0

, \  Posp. 
calc)*

3 .0jO.O

-j2.0

-jl.O

Figure 5.18: Impedance IN,- presented to the input of the ATF- 34143 transistor 
in the Mark 1 LNA. The Smith Chart is normalized to 50 i l .  r ;)r̂ K represents 
the measured impedance of the probe and the other three values are F,,,,, values 
taken from Table 4.3.
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Leng th  o f  P robe  L R eflection  t  ’oe lfic ien t o f P robe

1.81" 0.7RG3’
2.00" 0.70M0”
2.10" 0.72, 27 '

Table 5.3: Varying tin* impedance of I hi' \vav**^uiil»* probe by changing the 
le*llgth of the [nobt*.

5.3.3 Varying Probe Impedance and the Mark 2 Design

The impediim e of t he waveguide probe can be clumped by varying the Iengt li of 

the probe L. Impedance measurements UsingSOI.Tcalibration were performed 

on three different probe lengths. The results are displayed in Table 5.3.

As shown in figure  5.1!). the 2.1(1“ piobe length reflection coefficient, is 

closest to the calculated I",,,,, of the ATF-3I1 13. Therefore the 2.1(j" length 

was chosen for the Mark 2 design. The* Mark 2 design is a 2-stage LNA. The 

design was meant to be simple with no tuning elements. Components were 

lim ited to large I f f  chokes, stabilizing resistors. PC bypass capacitors and 

large DC blocking capacitors. As was the case in the LNA design with coaxial 

ccinncs tors (refer to Section 5.2.1), however, the landing patterns for mounting 

components were too large. The lowest attainable* noise* figure was 0.1) dB (G7 

K) and oscillations were present despite* attempts made to scrape off e*xtra 

traces o f mie rosirip.

5.3.4 Improvement o f the Mark I and Noise Measure

ments

By removing ferrite be*ads used in the* transistor gate and drain connections to 

the power supply circuit, the noise figure of Mark I was reduced. The power 

supply circuit itse'lf was replaced with the* one used for the LNA design w ith 

coaxial connectors (see Figure 5.8). As we'll, the* 15 n il inductors, which were
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jl.o

j2.0j0.5

L=1.84“A \
• 'Agileat
— T l=2.0K\ 

(  r . p b s ^  
X^calcV *L=2.1

j0.2/

1.01 0.0

j-2.0j-0.5

j-1 .0

Figure 5.19: Measured impedances of different lengths of probes on the Smith 
Chart, which is normalized to 50 SL

originally Panasonic surface mount inductors, were replaced w ith  lower loss 

Coilcraft 00031IC surface mount inductors. The noise figure measurement of 

till- Mark 1 in the waveguide was reduced to 0.55 dB (39 K). which is equivalent 

to that of the noise figure o f the coaxial LNA when connected to a probe that 

is placed in the waveguide. It is already known that the LN A with coaxial 

connectors yields a noise figure of 0.4 dB (30 K) when its input, and output see 

an impedance o f 50 i l  Therefore the additional 0.15 dB (10 K) of noise when 

the LNA with coaxial connectors is placed in the waveguide can be attributed 

to losses in the waveguide and waveguide-to-coaxial transition (see Figure 1.2). 

Th(> improved version of t he Mark 1 can be seen in Figure 5.20.

The noise measurement setup w ith  the waveguide is relatively simple. A 

piece of cylindrical waveguide approximately 2.5’ long is equipped with two 

removable wavcguide-to-eo;ixial transitions inserted at each end. The NS973A 

noise figure meter is connected to the waveguide-to-coaxial transition at one
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ATF-34143

“o u tp u t/
! • j
‘’ ’F y V * ' / U ?• 4 'lb p .

 ̂’ >.* k t 
Pow er supply
circuit

Waveguide probe

(a)

(!•)

Figure 5.20: a) Improved Mark 1 probe LNA. b) The Mark 1 with biasing; 
circuit removed.
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end of the waveguide, leaving a free waveguide-to-eoaxial transition at the 

other end for measurement of the LNA with coaxial connectors. For measure

ment of a probe LNA, the free wavoguide-to-coaxial transition is removed and 

the probe LNA is inserted in its place. Refer to Figures 5.21 and 5.22 for the 

noise measurement setup w ith the waveguide.

' 'c o a B i l* ^
tran sitio n s

raw' LNA with 
loaxial connect)

Figure 5.21: Noise measurement of LNA with coaxial connectors in waveguide.

Probe LNAtran s itio n

Figure 5.22: Noise measurement of probe LNA in waveguide'.
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5.3.5 Suggested Further Improvements 

Probe Impedance

As discussed in Section 5.3.3, the impedance of the probe antenna can be 

varied by changing the length of the probe. More invest igat ion can be done to 

determine the ideal probe length for best noise performance.

Lower Loss Components and Better LNA Design

The newer Coilcrait 15nII inductors that replaced the original Panasonic 15nll 

higher loss inductors successfully reduced the noise figure of the Mark 1. Noise 

figure may be further reduced by using even lower loss inductors. The Ooileraft 

0G03HC IonH inductors that are currently used have ceramic cores, which 

introduce greater losses than air cores. For instance, Coilcraft's M ini Spring 

air core 18.5 n il inductors each have a maximum resistance more than 20 times 

smaller than that of the 0G03HC 15 n il ceramic inductors. A ir core inductors 

are larger however and the LNA circuit board would need to be redesigned to 

allow for larger components. Ultra low loss capacitors such as those , . . . 1 1  1 

by ATC and DLI should also be used in RF bypassing and DC blocking.

To simplify troubleshooting, a low loss large RF choke could be placed 

as close to the input o f the transistor as possible while minimizing excess 

microstrip traces. This would keep the impedance presented to the transistor 

input as close to the probe impedance as possible. As well, excess inductance 

could be added to the source leads of the transistor in order to increase stability 

and power transfer (refer to Section 5.1.4).

Newer Transistor Technology and Better Selection of Transistors

Inevitably, transistors w ith  better noise performance have been developed since 

the start, of this project.. Indium phosphide (InP) HEMTs are an example, w ith
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noise figure's even lower than that of GaAs HEMTs. However, these devices 

are st ill primarily available in the research and development, sector of industry, 

and are more expensive to obtain.

Commercial devices offer a noise figure of approximately 0.5 <113 or 35 K 

noise temperature at 2 GHz. HEMTs made for higher frequencies such as the 

NE 325 (0.15 <1B noise figure or 32 K noise temperat ure at 12 GHz [-18]) and the 

ATF-3U077 (0.5 dD noise figure or 35 K noise figure at 12 GHz [35]) are pos

sibly worth investigating. I suspect that the transistor used in the 0.3 (IB (20 

K) commercial LNAs mentioned in Section 5.1.1 is the ATF-30077 pHEMT, 

judging from packaging and noise performance. However, as mentioned in Sec

tion 5.1.3, there were problems due to the extremely poor input return loss of 

the device. The datasheet of the NE 325 also specifies poor input return loss 

as well as low gain at frequencies closer to 1.02 GHz. which could pose design 

problems [ IS]. Nevertheless, when selecting a transistor, the theoretical noise 

figure should bo at at least 0.2 dB lower than the desired noise figure of the 

LNA. in order to allow for circuit losses as described in Section 5.2.5.
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Chapter 6

Conclusion

As part of an effort to double the; sensitivity of the Synthesis Telescope at 

1420 MIT/, this project aimed to reduce receiver front-end noise temperatures 

from a mean value of 35 K to 20 K. Currently, the receiver front-ends of the 

Synthesis Telescope are LNAs w ith a mean noise temperature of 35 K and gain 

of 40 dB. Initia lly, this project was geared towards a probe LNA design with 

the Agilent ATF-34143 pHEM T that would have a noise figure of 20 K and a 

gain of at least 30 dB. There were three main goals:

•  Obtaining the correct S-parameters of the Agilent ATF-34143 pHEMT 

over a wide frequency range

•  Calculating the noise parameters of the ATF-34143 at 1.42 GHz

•  Improving the Mark 1 probe LNA design

An intermediate goal was later added to this project after the S-parameters 

and noise parameters of the ATF-34143 were obtained:

•  Designing a LN A w ith  coaxial connectors using ATF-34143 transistors

LNAs w ith coaxial connectors would provide more immediate results because 

they are easier to install in the Synthesis Telescope dishes, which are already
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configured with coaxial connectors. Installing probe LNAs in the dishes would 

require significant alteration of the waveguide feeds, including removal of the 

waveguide-to-coaxial transitions. Also, as w ill be discussed shortly, this project 

ended with the probe LNA design still requiring further development.

Using Thru-Line-Reflect (TR L) calibration and low-loss test fixtures, S- 

parameters of the ATF-34143 were successfully measured from 0.5 to 10 GHz. 

The S-parameters were used to obtain a circu it model of the ATF-34143 tran

sistor. Noise parameters of the ATF-34143 were obtained with nodal circuit 

simulation software using Pospieszalski’s method for the intrinsic circuit in the 

transistor circuit model.

Knowledge of the noise parameters of the ATF-34143 at. 1.42 GHz perm it

ted design of an LNA with coaxial connectors. The noise figure of the LNA is 

0.4 dB or 30 K, a 5 K improvement over the LNAs currently in operation in 

the feeds of the Synthesis Telescope. The gain of the LNA is 30 dB, reducing 

the noise contribution from the next stage to a few hundredths of a Kelvin 

(sec Section 1.7), which is sufficient for a Synthesis Telescope front,-end. Along 

w ith  Teresia Ng’s proposed antenna design improvements that can lower sys

tem noise temperature by G K (see Section 1.6), the LNAs can be incorporated 

to lower the system noise temperature by 11 K. This would bring the radio 

telescope system noise temperature at 1.42 GHz from GO K down to 49 K.

The probe LNA design requires further development. Currently, the probe 

LNA design is a one-stage LNA with the same noise performance as the LNA 

w ith coaxial connectors when placed in a waveguide. The gain, however, is only 

15 dB because there is only one stage of amplification. There is much potential 

for even better noise performance than the LNA design with coaxial connectors 

because of the elimination of sources of loss: fewer components are used at the 

input of the transistor and there is no coaxial connection between the LNA
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and the antenna. Suggestions for improvement include adjusting the probe 

impedance, adding external source inductance, using lower loss components 

and simplifying the design for troubleshooting purposes by minimizing excess 

microstrip traces at the input of the transistor. I f  possible, a transistor w ith 

better noise; performance (preferably at least. 0.2 dB lower than flu; desired 

LNA noise figure) and comparable input return loss and gain may be selected. 

A second stage may be added in order to meet the gain requirement of a 

Synthesis Telescope front-end.
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